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ABSTRACT 
 
 Plantation forestry is central to supplying the global demand for forest products 
and sustainable production will rely on information regarding the effects of disturbance 
on soil biogeochemistry.  The extent of ecosystem disturbance will dictate the degree to 
which biogeochemical processes are perturbed.  To date little is known about the impact 
of forest harvest activities on biogeochemical cycling in the western Gulf Coastal Plain, 
therefore the purpose of this study was to elucidate the impact of three harvest methods 
(bole only, whole tree, whole tree+forest floor removal) in factorial combination with 
three soil compaction intensities (none, intermediate, severe) 15-years following 
treatment and in an archived soil time-series in a Pinus taeda L. forest.  I evaluated soil 
microbial biomass (SMB), and soil organic carbon (SOC), total nitrogen (TN), and total 
phosphorus (TP) storage, and stable isotopes 15N and 13C.  I used chloroform fumigation 
extraction, dry combustion, and lithium metaborate fusion to quantify SMB, SOC and 
TN, and TP, respectively, and isotope ratio mass spectrometry to analyze 15N and 13C.   
Soil microbial biomass, TN, and TP decreased significantly in the order: bole 
only > whole tree > whole tree+forest floor removal; although not significant SOC 
followed the same pattern.  Soil TN, litter and root N were generally 15N enriched under 
the whole tree+forest floor removal treatment.  Compared to control plots, harvest 
initially resulted in lower TN and SOC that was enriched in 15N and 13C, however, both 
C and N have been accumulating since 5-years post-treatment and have become 
increasingly less enriched isotopically.  No evidence of a compaction or a harvest by 
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compaction interaction effect was found on the measured variables.  Although both C 
and N are accumulating, there were losses initially following harvest as evidenced by 
isotopic enrichment.  Forest harvest practices that minimize removal of above-ground 
biomass will likely favor soil N and P retention and maintenance of the SMB pool.  
Since both N and P limit productivity in the sandy soils of this region, and because SMB 
plays a key role in nutrient cycling, harvest practices that favor nutrient retention and 
SMB will ensure the productivity of future rotations. 
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CHAPTER I 
INTRODUCTION 
 
Soil organic carbon (SOC) is the largest reservoir (1462-1548 Pg C; 1 Pg = 1015 
g) in the terrestrial carbon cycle, containing almost 2X more C than the atmosphere (816 
Pg C) and nearly 3X more C than terrestrial biomass (560-615 Pg C) (McKinley et al. 
2011; Schlesinger and Bernhardt 2013).  SOC is a dynamic component of the C-cycle 
and is closely linked to the atmospheric CO2 pool via inputs from dead organic matter 
production (≈61.4 Pg C yr-1) and losses from decomposition (≈60 Pg C yr-1) (Schimel 
1995; Houghton 2007).  These fluxes are nearly 7X greater than fossil fuel combustion 
(9 Pg C yr-1) (Schlesinger and Bernhardt 2013), so that even small changes in the 
magnitude of the SOC pool or the input/output rates associated with it could have 
significant impacts on the global C-cycle, the concentration of CO2 in the atmosphere, 
and the climate system (Lal 2004; Pregitzer and Euskirchen 2004).  Despite the obvious 
significance of SOC, our present concept of the global C-cycle remains limited by 
uncertainties in the quantitative aspects of SOC storage and dynamics. 
The amount of carbon sequestered by forest ecosystems plays an important role 
in regulating atmospheric CO2 concentrations (Canadell et al. 2007; Denman et al. 2007; 
Bonan 2008).  North American forestlands cover approximately 700 million ha and 
currently store 103.1 Pg C, of which ⅔ is tied up in SOC and litter (FAO 2010a).  It is 
estimated that these forest ecosystems were a net sink of 0.25 Pg C yr-1 from 2000-2007 
(Pan et al. 2011).  This carbon “sink” is a critical ecosystem service provided by forests 
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and its persistence or growth will be important to limiting atmospheric CO2 increase 
(Bonan 2008; Canadell and Raupach 2008).  However, the uncertainty regarding the 
magnitude of this sink is largely due to inadequate knowledge of the effects of 
disturbance and management practices across the continent (Birdsey et al. 2009).   
Therefore, the purpose of this study is to evaluate the effects of timber harvest 
practices on the biogeochemistry of loblolly pine (Pinus taeda L.) forests in eastern 
Texas.  In this introduction, I review the role of forestlands in biogeochemical cycles, the 
impact of forestry practices on soil carbon, nitrogen, and phosphorus storage and 
dynamics, and the influence of timber harvest on soil microbial biomass. 
I.1. Role of forests on biogeochemistry in the USA and Texas 
Most North American forestlands are located in the USA and Canada where 
approximately 15% of the total forest area is designated for production (FAO 2010b, 
2010c).  Recent estimates suggest that some forest management practices (e.g., 
fertilization, longer rotations, erosion reduction, replanting after harvest) could 
potentially increase C storage in forest soils by 0.025 to 0.103 Pg C yr-1 in the USA 
alone (Heath et al. 2003).  Conversely, some forest management practices (e.g., short 
rotations, clear-cutting, whole tree harvest) could reduce forest productivity and C stores 
in the forest floor and soil by depleting limiting nutrients, compacting the soil, exporting 
large amounts of organic matter in the form of branches and leaves, and accelerating 
SOC decay (Currie et al. 2003; Hoover 2003; Nave et al. 2010).  Thus, management 
effects are still poorly understood (Davis et al. 2009), and experimental studies in 
managed forests are required to provide ecosystem-specific guidelines that can maintain 
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or enhance C stores in soil and the forest floor without compromising timber production 
(Gough et al. 2008). 
The forestlands of eastern Texas occupy 4.9 million ha (Li et al. 2011) and lie at 
the ecotone between forest and grassland biomes, representing the westernmost extent of 
the southern pine region (Siska et al. 2006).  As such, these forests may be exceptionally 
vulnerable to changes in temperature and rainfall predicted for the future (Schmandt et 
al. 2009), and these climate change drivers may interact with forest management 
practices to influence nutrient pools and dynamics.  Forestlands in eastern Texas are now 
dominated by commercial loblolly pine forests managed for timber production, and 
generated $5.7 billion in 2009 (Li et al. 2011).  Despite the geographic extent, unique 
ecological context, and economic significance of Texas forests, little is known about the 
effects of forest harvest practices on biogeochemical cycling in this region, making 
studies in this area particularly important and timely. 
Throughout the southern pine region, soils are generally nutrient limited 
(Haywood et al. 2003; Carter and Foster 2006; Will et al. 2006; Fox et al. 2007; Campoe 
et al. 2013; Johnsen et al. 2013).  The removal of organic matter during forest harvest 
and the accompanying soil compaction ultimately may alter forest productivity through 
perturbations to biogeochemical cycling.  Concentrations of nutrients are highest in the 
non-bolewood components of trees, therefore, harvest of the whole tree rather than the 
merchantable bole results in the export of more nutrients from a forest site (Metz and 
Wells 1965; Wollum and Davey 1975; Wells and Jorgensen 1979; Henderson 1995; 
Carter et al. 2002; Currie et al. 2003; Scott et al. 2004; Powers et al. 2005; Turner and 
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Lambert 2011).  In addition, soil compaction that occurs during harvest operations alters 
soil structure and porosity, and increases bulk density and soil strength, which may result 
in reduced gas exchange, water infiltration, and aeration (Greacen and Sands 1980; 
Fisher and Binkley 2000; Powers et al. 2005; Tan et al. 2005; Ampoorter et al. 2007; 
Labelle and Jaeger 2011), with potential impacts on biogeochemical processes.  
I.2. Forest harvest effects on soil carbon, nitrogen, and phosphorus stores 
The effects of forest harvest on SOC and N have been variable based on global 
reviews (e.g., Johnson and Curtis 2001; Nave et al. 2010, Jerabkova et al. 2011).  For 
example, in the meta-analysis performed by Johnson and Curtis (2001), forest harvest 
had no overall effect on SOC or TN.  However, whole tree harvesting resulted in 
decreased SOC and TN, while bole only harvesting resulted in increased SOC and TN.  
In contrast, results from a more recent meta-analysis of forest harvesting based on an 
examination of 432 temperate forest sites around the world showed that SOC was 
reduced by an average of 8 ± 3% and forest floor C by an average of 30 ± 6% (Nave et 
al. 2010).  In a meta-analysis focusing on N fluxes, Jerabkova et al. (2011) found that 
clearcut harvest in both coniferous and deciduous forests, resulted in a general trend of 
increased NO3- availability.  This in turn has the potential to lead to increased N losses 
via leaching and denitrification; however, the coniferous forests tended to have a delayed 
and prolonged response to disturbance when compared to deciduous forests.  While 
these meta-analyses provide generalized trends, the results of individual studies have 
likewise been variable. 
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In some cases, mineral soil C and N have been unaffected (Wall 2008; Zerpa et 
al. 2010), have decreased (Jones et al. 2011), or have increased (Vanguelova et al. 2010) 
with increasing harvest residue removals.  Whereas Wall’s (2008) observations were 
made over the first four growing seasons in a Picea abies (L.) Karst stand, the findings 
of Zerpa et al. (2010) were in a 10-yr old P. taeda stand in Alabama, USA.  Jones et al. 
(2011) demonstrated a long-term (15-yrs) impact on soil C and N concentrations (0-10-
cm) in a Pinus radiata stand that was attributed to the loss of the forest floor organic 
matter input.  In contrast, Vanguelova et al. (2010) found a significant increase in both 
soil C and N concentrations in a whole tree versus bole only harvest in a 28-yr old Picea 
sitchensis stand in the UK that was attributed to increased mineralization in the bole only 
harvest.   
Soil total P (TP) is thought to be a poor indicator of plant available phosphorus, 
however, at least one study has shown a strong positive relationship between TP and 
available P (Tan et al. 2008).  In terrestrial ecosystems, TP is principally a result of 
primary mineral weathering and exists as a finite pool (Walker and Syers 1976; Vitousek 
et al. 2010), therefore conservative cycling of P from organic matter is likely an 
important source of plant P (Yanai 1992; Sanchez et al. 2006a; Cleveland and Liptzin 
2007).  Despite its importance to plant nutrition, rather little is known about the impact 
of forest harvest intensity and soil compaction on P storage.  In general, losses of P from 
ecosystems are minimal due to biochemical and geochemical controls (Wood et al. 1984; 
Vitousek and Howarth 1991; Yanai 1998).  Forest harvest disturbs biogeochemical P-
cycling by removing organic matter that feeds into the cycle of decomposition and 
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mineralization, and finally plant uptake.  The impact of forest harvest intensity on P has 
been variable, much like SOC and TN.  Some studies have reported decreases in 
available P due to reduced microbial activity and enzyme activity, and reduced organic 
matter pools (Sanchez et al. 2006a; Tan et al. 2008), but others have reported no changes 
in P (Zerpa et al. 2010).  
Routine use and more frequent entry of heavy equipment into forest stands has 
increased the potential for soil compaction, with potential implications for forest 
productivity and ecosystem carbon storage (Gomez et al. 2002; Jordan et al. 2003).  The 
adverse effects of soil compaction on stand productivity may last for decades (Wert and 
Thomas 1981; Froelich et al. 1985).  Soil compaction that occurs during forest harvest 
modifies soil structure in such a way that porosity is altered, and may lead to reduction 
in aeration, gas exchange, and water infiltration.  In addition, bulk density and soil 
strength may increase (Graecen and Sands 1980; Jordan et al. 2003; Powers et al. 2005; 
Tan et al. 2005; Frey et al. 2009; Ampoorter et al. 2012).  
 It is unclear how compaction might influence SOM storage and turnover.  
Initially, overland flow of water may result in surface erosion that carries top soil away 
and would result in immediate losses of SOM.  In addition, compaction of the surface 
soil may also result in losses of SOC and nutrients due to increased mineralization of 
SOM liberated by disruption of soil aggregates (Tisdall and Oades 1982).  Alternatively, 
soil compaction of the soil may result in a greater degree of physical protection of 
organic matter in the surface soil by reducing pore space and gas exchange, thereby 
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limiting oxygen availability and SOM accessibility to decomposers (de Neve and 
Hofman 2000; Tan et al. 2005).   
Furthermore, soil compaction may hinder growth and exploration of the soil 
profile by roots and mycorrhizal hyphae, potentially limiting access to water and 
nutrients, and reducing above- and belowground plant productivity, and organic matter 
inputs to the soil (Gomez et al. 2002; Jordan et al. 2003).  For example, Jordan et al. 
(2003) found that root systems in two species of oak were severely reduced in 
compacted treatments, which could reduce the amount of C inputs to the soils over the 
long term.  These findings were supported by Ludovici (2008) in a Pinus taeda L. stand 
in North Carolina, in which taproot biomass was significantly reduced in severely 
compacted soils.   
Tree harvest and soil compaction alter biogeochemical cycles directly by 
influencing the amount and quality of organic matter inputs and the soil physical 
environment, and subsequently the soil microbial biomass (SMB) may also be impacted.  
SMB has been suggested as a superior metric for measuring the impact of disturbance 
due to its small size relative to SOC and TN pools (Powlson et al. 1987; Brookes 2001; 
Rodeghiero et al. 2009).  For example, Tan et al. (2005) could not detect a difference in 
SOC and TN based on tree harvest intensity, but a significant reduction in SMB-C and –
N was detectable.   
I.3. Timber harvest effects on soil microbial biomass 
Similar to SOC and TN, the effects of forest harvest intensity on SMB have been 
variable.  Previous studies have found no effect of harvest intensity on SMB (Busse et al. 
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2006; Mariani et al. 2006; Smolander et al. 2010), which may be a consequence of 
resiliency of the microbial biomass to disturbance.  Alternatively, others have found 
decreases in SMB with increasing forest harvest intensity (Hassett and Zak 2005; Tan et 
al. 2008), that may be attributable to losses of litter inputs and altered soil microclimate 
that enhances decomposition processes following harvest and eventually produces 
losses.  Soil disturbances, such as soil compaction, occur in tandem with tree harvest, 
and may counteract impacts of biomass removal or exacerbate detrimental effects on 
SMB.  Like forest harvest intensity, SMB responses to soil compaction have been 
variable.  For example, some studies have reported higher SMB due to physical 
protection of microbes from predation (Jensen et al. 1996a, 1996b; Breland and Hansen 
1996; Li et al. 2004; Mariani et al. 2006), but others have seen lower SMB due to 
decreased aeration and water conductivity (Tan et al. 2005; Frey et al. 2009).  In some 
cases, soil compaction has had no effect on SMB (Shestak and Busse 2005; Busse et al. 
2006). Because SMB is important to soil fertility, development and maintenance of soil 
structure, and biogeochemical cycles (Wardle 1992; Gallardo and Schlesinger 1994; Zak 
et al. 1994; Allen and Schlesinger 2004), monitoring fluctuations of this pool could 
provide early indications of changes in quality and quantity of SOM. 
I.4. Stable nitrogen isotopes as indicators of ecosystem disturbance 
Natural abundance of soil and plant 15N has been used to examine N-cycling 
(Nadelhoffer and Fry 1994; Robinson 2001).  Relationships between environmental 
factors such as mean annual precipitation and temperature and plant and soil 15N 
abundances have been demonstrated at regional to global scales (Shearer et al. 1978; 
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Amundson et al. 2003; Peri et al. 2012).  However, at more local scales, disturbances 
have been shown to influence 15N abundances (Nadelhoffer and Fry 1988; Pardo et al. 
2002; Choi et al. 2005; Sah and Ilvesniemi 2007) due to changes in N-cycling.  For 
example, practices that lead to N-losses result in soil δ15N values that are higher (i.e., 
more enriched).  Because stable isotopes of N are integrators of N-processes (Robinson 
2001), the impact of harvest and soil compaction may be reflected in δ15N values of 
plant and soils due to alteration of inputs and losses associated with N-cycle processes 
(Nadelhoffer and Fry 1988; Pardo et al. 2002; Choi et al. 2005; Sah and Ilvesniemi 
2007; Garten et al. 2011).   
I.5. The Long-Term Soil Productivity experiment: a laboratory for forest 
biogeochemistry 
The Long-Term Soil Productivity (LTSP) program is the world’s largest 
coordinated research network devoted to investigating the relationship between land 
management and sustainable forest productivity, with 62 sites in the USA and Canada.  
The LTSP was initiated in 1989 to address the National Forest Management Act’s 
concerns over possible losses in soil productivity due to soil disturbance from forest 
management and harvest on National Forest lands in the USA (Powers 2006).  The 
LTSP study network is extensive, with treatments bracketing potential disturbance 
extremes.  All sites employ a common experimental design involving three tree harvest 
methods (merchantable bole/stem only, whole tree, whole tree+forest floor removal) and 
three soil compaction intensities (none, intermediate, and severe) in factorial 
combination.   
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Under the auspices of the LTSP study, thirteen loblolly pine sites were 
established in the southern USA, that include the Gulf Coastal regions, to address the 
effects of forest harvest on productivity (Scott et al. 2004).  A site was established in 
1997 in the Davy Crockett National Forest near Groveton, Texas that provides a unique 
opportunity to examine the effects of forest management methods and associated soil 
disturbances on biogeochemical processes in the western Gulf Coastal Plain.   
I.6. Objectives of this study 
This study will evaluate the impact of tree harvest methods, soil compaction, and 
their interactions on forest biogeochemical processes in eastern Texas.  Specific 
objectives are to determine the legacy of forest management practices applied 15-years 
earlier on the intra-annual dynamics of : 1) soil microbial biomass-C and –N; 2) soil C, 
N, and P storage; and 3) N-cycling dynamics.  In addition, archived soil samples will be 
used to quantify variation in soil C and N storage from preharvest to 15-years 
postharvest.  The results of this research will contribute new information that fills a 
critical gap concerning forest management practices on forest biogeochemical cycling 
within the western Gulf Coastal Plain.  
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CHAPTER II 
SOIL MICROBIAL BIOMASS AND C AND N STORAGE IN US SOUTHERN PINE 
FORESTS:  INFLUENCE OF FOREST MANAGEMENT 
 
II.1. Synopsis 
 Microbial communities are integral components of the biogeochemistry, fertility, 
and structure of forest soils, and land management practices that alter the microbial 
environment may influence the long-term sustainability and productivity of forestlands.  
The Long-Term Soil Productivity (LTSP) program, a network of 62 sites across the USA 
and Canada, was initiated to address the concerns over possible losses of soil 
productivity due to soil disturbance from forest management (Powers 2006).  Network 
sites employ an experimental design consisting of three harvest intensities (bole only, 
whole tree, whole tree+forest floor removal) in combination with three soil compaction 
intensities (none, intermediate, severe).  Our purpose was to determine the impact of 
forest harvest intensity, soil compaction, and their interaction on soil microbial biomass 
C and N (SMB-C, -N), and soil total nitrogen (TN) and soil organic carbon (SOC) 
storage in a Pinus taeda L. forest 15-years post-treatment at the Groveton LTSP site in 
eastern Texas, USA.  To capture seasonal variations, soils (loamy sand) were sampled 
five times during 2011-2012 to a maximum depth of 30-cm between living P. taeda 
stems.  We quantified SMB-C and –N using the chloroform fumigation extraction 
method, and TN and SOC by dry combustion.  SMB-C and –N in the 0-10-cm soil 
increment were impacted by harvest intensity and varied seasonally, and SMB-C had a 
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harvest by time interaction.  Generally, both microbial indices decreased in the order: 
bole only >whole tree > whole tree+forest floor.  In the 0-10-cm soil increment, TN and 
SOC were both higher in the bole only treatment compared to the more severe harvest 
treatments; however, while TN was significantly impacted by harvest and varied 
seasonally, SOC varied only with season.  Temporal variations in SMB-C and –N, TN, 
and SOC were correlated with temperature, precipitation, and volumetric soil moisture.  
Generally there was little effect of harvest on the measured soil properties beyond the 
10-cm depth.  Soil compaction, and harvest x soil compaction interaction had no effect 
on the measured soil properties.  Since N limits tree growth in the sandy soils of the 
western Gulf Coastal Plain, and because SMB plays a key role in N mineralization, data 
suggest that harvest practices that favor N retention and maintain SMB will ensure the 
productivity of future rotations. 
II.2. Introduction 
Forests in North America are considered carbon sinks (Pacala et al. 2001; 
Birdsey et al. 2007); however, both natural and anthropogenic disturbances can 
negatively impact the strength of this sink (Chen et al. 2013).  Forest harvest practices 
result in organic matter removal and may cause soil compaction, thereby enhancing the 
potential to impact forest productivity by altering the pool sizes of limiting nutrients and 
influencing rates of biogeochemical processes.  When more than the merchantable bole 
is harvested, increasing amounts of nutrients such as N are exported off site in the non-
bolewood tissues, potentially compromising soil fertility and the productivity of 
subsequent forest rotations (Metz and Wells 1965; Wollum and Davey 1975; Wells and 
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Jorgensen 1979; Henderson 1995; Carter et al. 2002; Currie et al. 2003; Scott et al. 2004; 
Powers et al. 2005; Turner and Lambert 2011).  The legacy of these disturbance effects 
on the carbon cycle of forest ecosystems may persist for more than 50 years (Chen et al. 
2013).  Additionally, soil compaction that occurs during forest harvest may reduce soil 
structure and porosity and increase bulk density, which in turn reduces aeration, gas 
exchange, and water infiltration (Greacen and Sands 1980; Fisher and Binkley 2000; 
Powers et al. 2005; Ampoorter et al. 2007; Labelle and Jaeger 2011; Berisso et al. 2012).  
Reductions in ecosystem carbon storage coupled with alterations in soil physical 
structure that often follow tree harvest events may also have adverse effects on the 
structure and function of soil microbial communities (Wardle 1992; Vance and Chapin 
2001; Jordan et al. 2003; Frey et al. 2009). 
Forest harvest may result in the alteration of biogeochemical cycling within the 
ecosystem; however, impacts are variable due to differences in frequency, harvest 
method, climate, and inherent site quality (Goetz et al. 2012).  For example, Johnson and 
Curtis (2001) in their meta-analysis found that harvest had no overall impact on SOC 
and TN, but there were differences based on harvest method (i.e., bole only versus whole 
tree harvest), wherein SOC and TN increased in the bole only harvest and decreased in 
the whole tree harvest.  In contrast, in a more recent meta-analysis Nave et al. (2010) 
found an overall decrease in forest soil C, but it was primarily related to the loss of forest 
floor rather than mineral soil C-losses.  While individual studies have shown that forest 
harvest intensity (i.e., removal of more that the merchantable bole) may cause losses (Li 
et al. 2003; Jones et al. 2011), gains (Vanguelova et al. 2010; Grand and Lavkulich 
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2012), or no change (Knoepp and Swank 1997; Richter et al. 1999; Mariani et al. 2006; 
McLaughlin et al. 2006; Wall 2008; Zerpa et al. 2010) in SOC and TN, little is known 
about responses in the western Gulf Coastal Plain, USA.    
It is unclear how soil compaction might influence SOC and TN storage and 
turnover.  Compaction may destroy protective soil macroaggregates at the surface, 
thereby exposing soil organic matter (SOM) to decomposers and accelerating decay 
processes (Tisdall and Oades 1982; Six et al. 2004).  Soil compaction may also result in 
decreased root biomass and uptake of soil mineral N, increasing the potential for 
ecosystem N losses via leaching and denitrification (Torbert and Wood 1992; Jordan et 
al. 2003).  Alternatively, compaction could restrict gas exchange and reduce soil pore 
space, thereby limiting access of decomposers to SOM resulting in no changes (deNeve 
and Hofman 2000; Mariani et al. 2006; Sanchez et al. 2006b) or possibly increases in 
SOC and TN (Tan et al. 2005).   
Soil microbial communities are integral components of biogeochemical cycles, 
and play key roles in the development and maintenance of soil structure and fertility in 
forest ecosystems (Wardle 1992; Gallardo and Schlesinger 1994; Zak et al. 1994; Allen 
and Schlesinger 2004).  Soil microbial biomass as a living and active element of the soil 
may serve as a bellwether of changes in soil nutrient status resulting from  management 
practices (Wardle 1992; Brookes 2001; Haubensak et al. 2002; Pregitzer 2003; Allen and 
Schlesinger 2004).  Positive relationships have been demonstrated between SMB and 
SOC and N (Wardle 1992; Brookes 2001; Allen and Schlesinger 2004; Li et al. 2004); 
therefore, the removal or alteration of organic matter inputs due to harvest may diminish 
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the size of the SMB pool (Li et al. 2004; Tan et al. 2005; Busse et al. 2006; LeDuc and 
Rothstein 2007; Mummey et al. 2010).  However, other studies have found little effect of 
harvest on SMB (Busse et al. 2006; Mariani et al. 2006).  Soil compaction, by altering 
porosity, gas exchange, and water infiltration, has likewise resulted in variable impacts 
on SMB.  Soil compaction may have no effect on SMB (Shestak and Busse 2005; Busse 
et al. 2006), lead to increases in SMB due to physical protection of microbes from 
predation (Jensen et al. 1996a, 1996b; Breland and Hansen 1996; Li et al. 2004; Mariani 
et al. 2006), or lead to decreases due to decreased aeration and water conductivity (Tan 
et al. 2005; Frey et al. 2009). 
The purpose of this study was to determine the impact of forest harvest intensity, 
soil compaction and their interaction on soil microbial biomass and C and N storage in a 
Pinus taeda L. (loblolly pine) forest 15-years post-treatment.  To accomplish this we 
quantified soil microbial biomass carbon (SMB-C), soil microbial biomass nitrogen 
(SMB–N), soil organic carbon (SOC), and soil total nitrogen (TN).  Using experimental 
plots at the Long-Term Soil Productivity (LTSP) site located near Groveton, Texas, 
USA, three broad hypotheses were tested to address the impact of forest harvest and soil 
disturbance on C and N cycling: 1) SOC and TN will be lowest under the most severe 
tree harvest, soil compaction, and interactions; 2) lower SOC and TN under the most 
severe treatments will constrain nutrient availability and result in less aboveground litter 
and more root mass; and 3) greater losses of organic matter and soil structure changes 
due to compaction in the severe treatments, will result in lower SMB-C and –N. 
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II.3. Materials and methods 
II.3.1 Study area 
 Field sampling was conducted quarterly from March 2011 through March 2012 
for a total of five sample periods (March, June, September and December 2011, and 
March 2012) at the  Long-Term Soil Productivity (LTSP) site in the Davy Crockett 
National Forest near Groveton, TX, USA (31°06' 32.48"N, 95°09' 59.15"W) (hereinafter 
“Groveton LTSP”).  The climate is subtropical with a mean annual temperature of 
19.1°C and mean annual precipitation of 1135 mm (1981-2010) that is bimodal, with 
peaks in May-June and October (Figure 2-1).  Topography is nearly flat with slopes of 1-
3% and elevation ranging from 101 m to 110 m.  Soils across the study area are uniform 
(fine-loamy siliceous, thermic Oxyaquic Glossudalf in the Kurth series).   
 
 
 
 
 
Figure 2-1.  Average monthly climate conditions (1981-2010) for Crockett, Houston County, Texas (31° 
18' 25.92" N, 95° 27' 3.24" W).  Mean annual temperature is 19.1°C and mean annual precipitation is 
1135-mm.  Data from the National Oceanic and Atmospheric Administration (http://www.ncdc.noaa.gov/ 
dailyform/DlyFORMv2). 
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The Groveton LTSP treatment plots were established in 1997 in accordance with 
the parameters specified by the LTSP program (Powers 2006) which consists of three 
harvest intensities (bole only, whole tree, and whole tree+forest floor removal) and three 
levels of soil compaction (none, intermediate, and severe) in factorial combination (nine 
treatment combinations) replicated three times on 0.4 ha plots.  At the time of harvest, 
stands were 55-80-years old and consisted primarily of P. taeda L. with scattered 
hardwoods (< 10%).  Each of the 27 treatment plots was split for glyphosate herbicide 
treatment that was applied once per year for five years following harvest.  A feller 
buncher and skidder were used for harvesting on the compacted plots, while the non-
compacted plots were hand-felled with trees lifted off the plots with a loader (Rick 
Stagg, USDA Forest Service, personal communication).  A 9Z pneumatic-tired roller 
(W.E. Grace Manufacturing Co., Dallas, TX, USA) loaded to 2.4 Mg m-1 and 4.2 Mg m-1 
for the moderate and severe compaction, respectively, was towed by a farm tractor and 
rolled over the soil a total of six times (three passes in one direction and three passes in a 
second direction perpendicular to the first passes) (Rick Stagg, USDA Forest Service, 
personal communication).  Forest floor removal was accomplished by hand raking all 
above-ground organic matter from the whole tree+forest floor removal treatments plots.  
Containerized P. taeda L. seedlings of 10-half sib families from US Forest Service seed 
orchards in Louisiana, Mississippi, and Texas were hand planted on a 2-m x 2-m 
spacing.  
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II.3.2 Sample collection 
 Prior to field sampling, each of the 54 split-plots (i.e., herbicided and non-
herbicided split) was divided into five “sub-plots” that were anchored at the four corners 
and the center of each split-plot.  We used this method to ensure complete coverage of 
each split-plot.  In the field, sample points within each “sub-plot” were randomly located 
interior to a three tree outer buffer and between two living loblolly pine trees.  
Occasionally samples were taken within the buffer due to mortality within plots. 
At each sample point, forest floor materials were collected down to the mineral 
soil from a 0.25 x 0.25-m quadrat followed by the extraction of a soil core.  In March 
2011, soil cores (4.8-cm diam. x 30-cm deep) were collected with a split soil corer 
(AMS, Inc., American Falls, ID, USA), and divided into increments of 0-10, 10-20, and 
20-30-cm and pooled by split-plot.  In March 2012 soils were saturated, therefore, soil 
cores (4.8-cm diam. x 20-cm deep) were collected and likewise divided by increment 
and pooled.  Soil samples collected in June, September, and December 2011 were 10-cm 
deep x 4.8-cm diam. and likewise pooled in the field by split-plot.  All soil samples were 
kept in a cooler with ice in the field and maintained at 4°C in the lab until processed. 
II.3.3 Soil chemical and physical characterization 
Soil samples were thoroughly mixed in the lab and a 30-g aliquot of field-moist 
soil was dried at 105°C until stable mass was achieved to measure bulk density, 
gravimetric soil moisture, and volumetric soil moisture.  This aliquot was subsequently 
used for the determination of pH using an Accumet Basic pH meter (Denver Instrument, 
Arvada, CO, USA) on a 1:2 solution of soil in 0.01 M CaCl2 solution (Minasny et al. 
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2011).  The remaining soil was passed through a 2 mm sieve to remove large organic 
material and roots > 2 mm.  A 20-30-g aliquot of sieved soil was dried at 60°C, and then 
finely ground in a TE250 ring pulverizer (Angstrom, Inc., Belleville, MI, USA) for C 
and N concentration analyses.  An additional sieved soil aliquot was dried at 105°C for 
texture analysis using the hydrometer method (Bouyoucos 1927; Ashworth et al. 2001). 
II.3.4 Litter and root quantification 
 Forest floor materials (i.e., all organic material above the mineral soil) were 
cleaned of mineral particles and sorted into woody debris (non-leaf material) and leaf 
matter (henceforth “litter”).  Roots collected during sieving were divided into coarse and 
fine fractions based on diameters ≥ 2-mm or < 2-mm, respectively.  Additionally, a 100-
150-g aliquot of sieved soil was passed through a hydropneumatic elutriation system 
fitted with a 450-µm screen (Gillison’s Variety Fabrication, Benzonia, MI, USA) to 
recover fine roots.  All root and forest floor materials were dried at 60°C until stable 
mass was achieved and then weighed.   
II.3.5 Carbon and nitrogen concentrations  
 Soils were analyzed for organic C and total N concentrations in the Stable 
Isotopes for Biosphere Science Laboratory at Texas A&M University.  Analyses were 
conducted on a Carlo Erba EA-1108 elemental analyzer (CE Elantech, Lakewood, NJ, 
USA).  Precision (±SD) of acetanilide standard used during the study was 0.48% for C-
concentration (mean = 71.21%) and 0.15% for N-concentration (mean = 10.35%). 
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II.3.6 Microbial biomass determination 
 Soil microbial biomass carbon and nitrogen (SMB-C and –N) were determined 
on sieved soil sub-samples using the chloroform fumigation extraction (CFE) method 
described by Vance et al. (1987).  Ten-g of each sample were fumigated at field moisture 
in a vacuum desiccator in the dark for 24-hours in the presence of ethanol-free 
chloroform.  Simultaneously, a 10-g control sample was incubated in a chloroform-free 
vacuum desiccator.  Following the incubation, each sample was extracted with 40-mL of 
0.5M K2SO4, shaken for one hour, centrifuged at 715 x g for 10 minutes and filtered 
through pre-leached (with 0.5 M K2SO4) #5 Whatman filter papers, and frozen until 
analysis. 
 Extracts were analyzed for dissolved organic C and dissolved organic N using a 
Shimadzu TOC-VCSH with a TNM-1 module (Shimadzu Corp., Kyoto, Japan) set for 5X 
dilution as described by Chen et al. (2005).  Soil microbial biomass-C and -N were 
calculated using formulae the outlined in Paul et al. (1999) where: 
  [2-1] MBC = (Cfumigated – Ccontrol)/kEC; and 
  [2-2] MBN = (Nfumigated – Ncontrol)/kEN. 
Because extraction efficiencies for dissolved organic C and N are less than 100%, 
extraction coefficients for carbon (kEC) of 0.45 (Wu et al. 1996; Allen and Schlesinger 
2004; Pothoff et al. 2009; Joergensen et al. 2011) and nitrogen (kEN) of 0.54 (Brookes et 
al. 1985) were used to calculate SMB-C and –N, respectively.  The ratio of Cmic/Corg was 
computed by dividing the concentration of SMB-C by the concentration of SOC in the 
same sample. 
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II.3.7 Statistical analyses 
 Statistical analyses were performed with JMP Pro (SAS Institute, Inc., Cary, NC, 
USA).  To determine if herbicided and non-herbicided split-plot data could be pooled, t-
tests were used.  No statistically significant effects were seen due to herbicide; therefore, 
split-plot data was pooled within each treatment plot.  A general linear model was used 
to test the main effects of harvest and compaction, and the harvest by compaction 
interaction.  Throughout the one-year study period we did not see statistically significant 
effects due to either soil compaction or the harvest by compaction interaction,  therefore, 
findings based only on harvest effects, with each harvest/compaction combination acting 
as one replicate (n = 9), and season of sampling are reported.  However, due to a wildfire 
in September 2011, replicates were reduced from nine to eight.  A significance level of α 
≤ 0.05 was used throughout statistical testing.   
Repeated measures analysis of variance (ANOVA) was used to determine the 
effect of harvest on SOC, TN, SMB-C and-N, Cmic/Corg, and root biomass for the 0-10-
cm depth, and litter mass over the one-year study period.  Correlation analyses 
(Spearman’s) were performed to determine relationships between SMB-C, -N, SOC, TN, 
litter, roots, and environmental variables examined in this study.  
II.4. Results 
II.4.1 Climate and soil moisture 
 Mean annual temperature in 2011, was 1.5°C higher than the 30-year average 
and total precipitation was 684-mm, approximately 40% lower than the 30-year average 
(Figure 2-2A).  Mean temperature for the first three months of 2012 (coincidental with 
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the sample period) was 3°C higher than the 30-year average and total precipitation was 
441-mm, approximately 36% higher than the 30-year average of 283-mm for the same 
time period. 
Volumetric soil moisture was uniform throughout the upper 30-cm of the soil 
profile and ranged from a low of 0.03 g cm-3 in June 2011 to a high of 0.21 g cm-3 in 
March 2012 (Figure 2-2B) and was not affected by treatment.  Soil moisture in the 0-10-
cm depth had a strong positive correlation with total precipitation and a strong negative 
correlation with mean temperature (r = 0.68 and -0.56 respectively, both p < 0.001; 
Table 2-1). 
II.4.2  Soil chemical and physical characteristics 
 Soil pH across the site was acidic and ranged from 3.5-4.7, 3.9-4.6, and 3.5-4.8 
in the 0-10, 10-20, and 20-30-cm increments respectively (Table 2-2).  Soil texture is 
loamy sand (Table 2-2).  Sand concentration ranged from a low of 730 g kg-1 in the 20-
30-cm increment to a high of 755 g kg-1 in the 0-10-cm increment. Silt concentrations 
ranged from a low of 176 g kg-1 in the 20-30-cm increment to a high of 193 g kg-1 in the 
10-20-cm increment.  Clay concentration ranged from a low of 65 g kg-1 in the 0-10-cm 
increment to a high of 94 g kg-1 in the 20-30-cm increment.  
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Figure 2-2.  Weather conditions and soil moisture for January 2011 through April 2012.  A) Crockett, 
Houston County, TX mean monthly temperature and total precipitation from January 2011 through April 
2012, and B) mean (n = 24) volumetric soil moisture for each sample period and depth increment from 
2011 to 2012. 
 
 24 
 
 
 
  Table 2-1.  Spearman’s correlation coefficients among variables examined in this study. 
 
 
 
Precip. Temp. Soil 
moisture Roots Litter SOC TN SOC/TN Cmic/Corg SMB-C SMB-N 
    Fine Coarse Total        
Precipitation              
Temperature -0.40*             
Volumetric 
soil moisture 0.68* -0.56*           
 
Roots              
Fine -0.32* -0.11 -0.54*           
Coarse -0.16 0.19† -0.23‡ 0.23†          
Total  -0.23† 0.15 -0.34* 0.48* 0.96*         
Litter -0.37* 0.00 -0.06 -0.14 -0.11 -0.12        
SOC 0.01 -0.21† 0.29‡ 0.15 0.10 0.14 0.13       
TN -0.14 -0.32* 0.30* 0.01 0.06 0.07 0.45* 0.73*      
SOC/TN 0.17 0.13 -0.05 0.26‡ 0.07 0.13 -0.48* 0.33* -0.36*     
Cmic/Corg -0.04 -0.02 -0.32* 0.15 0.08 0.10 0.03 -0.60* -0.25‡ -0.50*    
SMB-C -0.11* -0.28‡ -0.11 0.45* 0.17 0.27‡ 0.22† 0.46* 0.57* -0.15 0.33*   
SMB-N -0.03 -0.52* 0.14 0.32* 0.00 0.09 0.20† 0.44* 0.61* -0.23† 0.23† 0.86‡  
 
 * p < 0.001  ‡ p < 0.01  † p < 0.05 
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Table 2-2.  Soil particle size distributions and pH averaged across all study plots.  Based on the 
percentages of sand, silt, and clay the site has a soil textural classification of loamy sand. 
 
Depth 
(cm) 
Sand 
(g kg-1) a 
Silt 
(g kg-1) 
Clay 
(g kg-1) 
pH b 
0 – 10 755 ± 7 180 ± 5 65 ± 3 4.15 ± 0.06 
10 – 20 737 ± 8 193 ± 6 70 ± 5  4.23 ± 0.05 
20 – 30 730 ± 12 176 ± 7 94 ± 14 4.21 ± 0.06 
 
a
 Means ± SE (n = 24) 
b
 Means ± SE (n = 27) 
 
 
 
II.4.3 Litter and root mass   
 Litter mass was unaffected by increasing harvest intensity (repeated measures 
ANOVA, p > 0.05; Table 2-3), but varied significantly with time (p < 0.05), and was 
negatively correlated with precipitation (r = -0.37; Table 2-1).  Litter mass was highest 
in March 2011 (1431-1627 g m-2; Figure 2-3A), with a spike in litter mass in September 
2011 (1418-1583 g m-2).  The lowest litter mass measurements were similar in 
magnitude in June 2011 and March 2012 (1292-1402 g m-2; Figure 2-3A).  Despite the 
lack of harvest effect, litter mass was generally highest in the bole only treatment and 
lowest in the whole tree+forest floor removal treatment (Figure 2-3A).  Fine root mass 
(0-10-cm) was likewise unaffected by increasing harvest intensity (p > 0.05; Table 2-3), 
and varied significantly with time (p < 0.05), and was negatively correlated with both 
precipitation (r = -0.32) and volumetric soil moisture (r = -0.54; Table 2-1).  Fine root 
mass was highest in March and June 2011 (186-209 g m-2; Figure 2-3B) and decreased 
over time to the lowest levels in December 2011 and March 2012 (87-105 g m-2).  Fine 
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root mass was generally lowest in the bole only treatment and highest in the whole tree 
harvest (Figure 2-3B).  Neither coarse root nor total root mass (0-10-cm) were affected 
by increasing harvest intensity (p > 0.05; Table 2-3; Figure 2-3C, D); however, total root 
mass varied over time (p < 0.05) and was negatively correlated with precipitation (r = -
0.23) and volumetric soil moisture (r = -0.34; Table 2-1).  Total root mass remained 
stable from March 2011 - September 2011 (640-936 g m-2; Figure 2-3D), but decreased 
to the lowest levels in December 2011 (536-598 g m-2).    
 
 
 
Table 2-3.  Results of repeated measures ANOVA (p-values) testing the effects of tree harvest 
method, time, and their interaction on litter and root biomass, TN, SMB-N, SOC, SMB-C, and 
Cmic/Corg.  Results for the root fractions, TN, SOC, SMB-N and –C, and Cmic/Corg are for the 0-10-
cm depth.  
 
 Harvest Time Harvest * Time 
Biomass pools (g m-2) p-value a 
Litter 0.0800 <0.0001 0.6929 
Fine roots 0.8821 <0.0001 0.6769 
Coarse roots 0.8423 0.0731 0.1130 
Total roots 0.8155 0.0017 0.1643 
SOC (g C m-2) 0.1828 0.0002 0.7579 
Total N (g N m-2) 0.0078 <0.0001 0.5016 
SMB-C (µg C g-1) 0.0065 <0.0001 0.0208 
SMB-N (µg N g-1)  0.0031 <0.0001 0.0626 
Cmic/Corg   0.8526 <0.0001 0.3701 
 
a
 Italicized p-values are significant. 
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Figure 2-3.  Biomass (g m-2) by depth and time of sampling.  A) Litter, and B-D) roots.  Symbols 
are means ± S.E. (n = 8). 
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In March 2011, fine root mass was approximately 73 and 88% lower in the 10-20 
and 20-30-cm increments compared to the 0-10-cm increment (Figure 2-3B).  Coarse 
root mass was about 65 and 77% lower in the 10-20 and 20-30-cm increments compared 
to the 0-10-cm increment (Figure 2-3C).  Total root mass in the 10-20 and 20-30-cm 
increments was about 67 and 81% lower than the 0-10-cm increment (Figure 2-3D).  In 
March 2012, average decreases in root mass were slightly higher than those in March 
2011.  Fine root, coarse root, and total root mass were 78, 73, and 73% lower in the 10-
20-cm increment compared to the 0-10-cm increment (Figure 2-3B-D).  
II.4.4 Soil organic carbon and total nitrogen 
Soil organic carbon content in the 0-10-cm increment was not impacted by 
harvest intensity (p > 0.05; Table 2-3; Figure 2-4A), but varied significantly over time (p 
< 0.05), and was mirrored in the soil carbon concentrations (g kg-1; data not shown).  
Soil organic carbon content was negatively correlated with temperature (r = -0.21) and 
positively correlated with soil moisture (r = 0.29; Table 2-1).  Average SOC was highest 
in March 2011 (2081±81 g C m-2; Figure 2-4A) and was lowest in June 2011 (1743±55 g 
C m-2), but recovered in September 2011 (1915±67 g C m-2) and remained stable through 
March 2012.  Although not significant, the bole only harvest generally had higher SOC 
than the whole tree+forest floor removal treatment.  Soil total nitrogen content was 
significantly reduced by increasing harvest intensity and varied over time (both p < 0.05; 
Table 2-3).  N concentrations (g kg-1; data not shown) were similarly affected by harvest 
and time.  Soil TN content was negatively correlated with temperature (r = -0.32) and 
positively correlated with soil moisture (r = 0.30; Table 2-1).  Soil TN was highest in the 
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bole only harvest (74-99 g N m-2; Figure 2-4B) and lowest in the whole tree+forest floor 
treatment (61-83 g N m-2).  Average TN was highest in March 2011 (90±2 g N m-2) and 
lowest in June 2011 (67±2 g N m-2), and recovered in September 2011 (80±3 g N m-2) 
and remained stable through March 2012.  
Both SOC and TN decreased with depth.  In March 2011, SOC in the 10-20 and 
20-30-cm increments was 64 and 81% lower than the 0-10-cm increment (Figure 2-4A).  
Soil OC in March 2012 was approximately 64% lower in the 10-20-cm increment 
compared to the 0-10-cm increment (Figure 2-4A).  Soil TN was approximately 54 and 
68 % lower in the 10-20 and 20-30-cm increments in relation to the 0-10-cm increment 
in March 2011.  In March 2012, soil TN was 60% lower in the 10-20-cm increment 
compared to the 0-10-cm (Figure 2-4B). 
II.4.5  Soil microbial biomass 
 Both SMB-C and –N in the 0-10-cm increment were significantly impacted by 
harvest intensity (p < 0.05; Table 2-3) and varied significantly with time (p < 0.05).  
There was also a significant harvest by time interaction for SMB-C (p < 0.05).  SMB-C 
was negatively correlated with both precipitation (r = -0.11) and temperature (r = -0.28) 
and SMB-N was negatively correlated with temperature (r = -0.52; Table 2-1).  Bole 
only harvest usually had higher SMB-C (199-267 µg C g-1) than the more intense 
harvests (165-237 µg C g-1; Figure 2-4C).  SMB-C on average was highest in March 
2011 (238±8 µg C g-1) and lowest  in September 2011 (188±8 µg C g-1) (Figure 2-4C).  
Soil microbial biomass N was generally highest in the bole only harvest (25-37 µg N g-1) 
compared to the more intensely harvested treatments (21-33 µg N g-1; Figure 2-4D).  
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From March 2011 to September 2011 SMB-N declined from an average high of 33±1 µg 
N g-1 to a low of 23±1 µg N g-1 and remained stable through March 2012 (Figure 2-4D). 
 
 
 
Figure 2-4.  A,B) SOC and TN (g m-2), C,D) SMB-C and –N (µg g-1), and E) Cmic/Corg  by depth 
and time of sampling.  Symbols are means ± S.E. (n = 8).  Cmic/Corg caluculated using 
concentrations of SMB-C and SOC. 
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Soil microbial biomass-C and -N decreased with soil depth.  In March 2011 
SMB-C in the 10-20 and 2030-cm increments was approximately  73 and 84% less than 
the 0-10-cm increment (Figure 2-4C), while SMB-C in March 2012 was 71% lower in 
the 10-20-cm increment compared to the 0-10-cm increment (Figure 2-4D).  In relation 
to the 0-10-cm increment, SMB-N in March 2011 was 71 and 87% lower in the 10-20 
and 20-30-cm increments, and in March 2012 SMB-N was 73% lower in the10-20-cm 
increment (Figure 2-4D).  
 Ratios of Cmic/Corg were unaffected by harvest treatment (p > 0.05; Table 2-3), 
but varied significantly over time (p < 0.05), and were negatively correlated with soil 
moisture (r = -0.32; Table 2-1).  Over time Cmic/Corg decreased from highs in March and 
June 2011 (≈ 0.013) to a low in December 2011 (≈ 0.011; Figure 2-4E).  Depth tended 
not to affect the ratios (Figure 2-4E). 
 There were significant positive correlations (p < 0.05) between SMB-C and –N 
and litter, fine root, and total root mass, and SOC, and TN (Table 2-1).  SMB-C and –N 
were correlated more with TN (r = 0.57 and 0.61, respectively), than SOC (r = 0.46 and 
0.44, respectively; Table 2-1).  Of the correlations between biomass variables and SMB-
C and –N, fine root biomass had a stronger relationship (r = 0.45 and 0.32, respectively) 
than did either total root biomass (SMB-C, r = 0.27) or litter (r = 0.22 and 0.20, 
respectively; Table 2-1).  
II.5. Discussion 
 The removal of tree biomass coupled with soil disturbance during a forest harvest 
event can have lasting effects on both the quality and quantity of soil organic matter as 
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well as soil physical properties that can strongly control microbial decomposition and 
ecosystem biogeochemistry.  Our results show that increased forest harvest intensity 
significantly reduced soil TN and SMB-N 15-years following harvest.  Litter and root 
mass, SMB-N, SOC, and TN varied over the course of a single year, and there was a 
significant harvest x time interaction for SMB-C. However, neither soil compaction nor 
its interaction with forest harvest intensity affected any of the response variables we 
measured in this western Gulf Coastal Plain site 15-years post-treatment.   
II.5.1 Harvest and time effects on TN and SOC  
In line with our expectation, TN was significantly and negatively impacted by 
intensified levels of biomass removal during tree harvest.  On average, whole tree+forest 
floor removal resulted in TN (61-83 g N m-2) that was almost 17% lower than the bole 
only harvest (74-99 g N m-2).  Total N content throughout the study approximated the 
range (75.4-85.3 g N m-2) reported in the uncompacted bole only harvest treatments at 
10-years at the Louisiana and North Carolina LTSP installations (Sanchez et al. 2006a).  
Results from the current study are also consistent with previous findings obtained 5-
years post-harvest at this site wherein whole tree+forest floor removal resulted in 
approximately 19% lower TN concentration compared to the bole only harvest (Scott et 
al. 2004), suggesting that reduced soil TN persisted through time since harvest.   
Soil TN has shown variable responses to harvest in other forest ecosystems 
throughout the world.  Although Johnson and Curtis (2001) found little overall effect of 
forest harvest on TN, they showed that whole tree harvest slightly diminished N and bole 
only harvest significantly increased N.  Additionally, conifer species tended to have 
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significant increases in soil TN following bole only harvest (Johnson and Curtis 2001).  
While we cannot say that bole only harvest increased TN per se, we can say that 
intensified forest harvest led to lower TN which has been reported in other studies 
(Olsson et al. 1996; Jones et al. 2011).  For example, in a Pinus radiata forest in New 
Zealand 15-years post-treatment, Jones et al. (2011) found that whole tree+forest floor 
removal led to a significant decrease in TN concentrations (≈ 18%) when compared to 
preharvest, but bole only harvest led to a non-significant increase (≈9%).   Although we 
are unable to suggest definitively a mechanism for the TN loss observed in our most 
severe harvest treatments, we hypothesize that our results may diverge from the results 
synthesized by Johnson and Curtis (2001) due to (a) the sandy soil texture at our site 
which affords little physical protection for soil organic matter (e.g., von Lutzow et al. 
2007), and (b) the high mean annual temperatures that prevail at the southwestern limit 
of the forest biome in the USA that would favor rapid decay of organic matter. 
Contrary to our prediction, repeated measures analyses across five sampling 
periods over one year indicate that harvest intensity had no effect on SOC in the 0-10-cm 
soil increment 15-years after treatment.  There was a general trend of highest SOC 
occurring in the bole only harvest treatment and lowest SOC in the whole tree+forest 
floor removal treatment.  In this study, intra-annual variation in the SOC content at the 
Groveton LTSP site ranged from 1600 to 2200 g C m-2 which was within the range of 
values (1600-4400 g C m-2) found at five- and 10-years at other LTSP sites with Pinus 
taeda L. in Louisiana and North Carolina (Powers et al. 2005; Sanchez et al. 2006a, 
2006b).  Increasing harvest intensity has been shown to decrease soil C when compared 
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to bole only harvests (Johnson and Curtis 2001).  These results, while not statistically 
significant, may have longer-term implications that could ultimately influence the 
productivity and sustainability of subsequent rotations.     
 Both SOC and TN varied significantly with time over the course of this study.  
While others have found large interannual fluctuations of SOC and TN concentrations 
(Knoepp and Swank 1997; Carter et al. 2002), we did not expect to see these relatively 
large variations occurring over short time periods (i.e., 3-months).  Post and Kwon 
(2000) suggested that short-term shifts in SOC may be due to the dynamic nature of the 
light-fraction of organic carbon and may change in response to seasonal litter inputs such 
as those that occurred in June and September 2011.  Variations of both SOC and TN 
over the study period were negatively correlated with temperature and positively with 
soil moisture.  Higher temperatures tend to enhance decomposition processes so losses 
were expected with increases in temperature (Campbell and Law 2005); however, 
because soil respiration was not measured we cannot say definitively that decomposition 
was higher.  Of note is the finding that SMB was also smaller with higher temperatures, 
suggesting losses may have been due to some other factor such as loss of inputs.  The 
positive relationships with soil moisture may have been a result of increased leaching 
from the litter layer, which had a negative relationship with precipitation.  
II.5.2  Harvest and time effects on litter and root mass  
 Contrary to our prediction, forest harvest intensity had no effect on either 
aboveground litter or root mass.  However, litter mass tended to be highest in the bole 
only harvest versus the more intense harvests, consistent with previous studies (Wall 
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2008; Zerpa et al. 2010; Jones et al. 2011).  Because rates of N-mineralization are 
positively correlated with soil total N (Booth et al. 2005), the larger pool sizes of soil TN 
in the bole only harvest may have enabled greater N availability in this treatment, thus 
enabling higher leaf production and subsequently higher litterfall (Zerpa et al. 2010; 
Jones et al. 2011).  In contrast, fine root mass was generally lowest in the bole only 
treatment, suggesting that resource availability was higher in the bole only harvest 
treatment.  Several studies have shown that root productivity is reduced at higher soil 
nutrient levels (Gundersen et al. 1998; Tingey et al. 2005).   
Variation in litter, and fine and total root mass over time tended to be related to 
environmental variables.  Litter mass was negatively related to precipitation, which may 
indicate increased decomposition during periods of higher rainfall; however others have 
found decomposition of P. taeda needles unrelated to increased irrigation (Sanchez 
2001).  Fine and total root mass had stronger negative correlations with volumetric soil 
moisture than with temperature and precipitation.  This was not unexpected considering 
that plants are likely to invest less energy into root production when soil moisture is 
available (Teskey and Hinckley 1981; Gundersen et al. 1998; Sword et al. 1998a, 1998b; 
Torreano and Morris 1998; Fisher and Binkley 2000; Tingey et al. 2005).   
II.5.3 Harvest and time effects on SMB-C and –N, and Cmic/Corg ratios 
 In accordance with our hypothesis that increasing harvest intensity would 
adversely affect soil microbial biomass, results showed that 15-years after harvest, SMB-
N was significantly and negatively impacted.  In addition, SMB-C was significantly 
impacted by a harvest x time interaction, indicating variable responses to harvest among 
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the sample periods.  However, there was a significant trend of lower SMB-C in the more 
intensely harvested treatments.  Throughout this study SMB-C values in the 0-10-cm 
increment (165-267 µg C g-1) were similar to the average (216 µg C g-1) reported for an 
LTSP loblolly plantation site in North Carolina (Busse et al. 2006), and also fell within 
the range reported for temperate/boreal coniferous forests (736±661 µg C g-1) (Wardle 
1992).  SMB-N values (21-36 µg N g-1) fell at the lower range reported for combined 
temperate angiosperm and temperate/boreal coniferous forests (93±65 µg N g-1) (Wardle 
1992).  Harvest method had no persistent effect on the Cmic/Corg ratio, suggesting that the 
quality of the organic matter available to support microbial growth was comparable 
between treatments (Webster et al. 2001).  Ratios of Cmic/Corg (0.011-0.014) fell within 
previously reported values for temperate/boreal coniferous forests (0.0093±0.0046) 
(Wardle 1992). 
 Soil microbial biomass is generally correlated with substrate quantity (Powlson 
et al. 1987; Anderson and Domsch 1989; Allen and Schlesinger 2004), however, the 
longevity of the effects of organic matter removals are less well known and to date 
variable.  Harvest alone has reduced SMB-C and –N in stands <10-years old when 
compared to reference stands (LeDuc and Rothstein 2007; Mummey et al. 2010).  
Harvest intensity, on the other hand, has produced mixed results.  For example, 
Smolander et al. (2010) found no differences in SMB-C and –N in Picea abies (L.) Karst 
Norway spruce stands  >10-years old, while Busse et al. (2006) and Li et al. (2004) 
found no differences in SMB-C based on harvest intensity in P. taeda stands >5-years 
old in North Carolina.  However, in those same P. taeda stands, Li et al. (2004) found 
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that harvest intensity decreased SMB-N in stands >5-years old, and  Hassett and Zak 
(2005) and Tan et al. (2008) found that harvest intensity decreased both SMB-C and –N 
in stands of nearly 10-years old.  Hassett and Zak (2005) suggested that reduced SMB 
was driven by reduced litter inputs as well as modified soil microclimate and Li et al. 
(2004) found that SMB-N was positively related to soil C and N.   
 Correlation analyses indicated that stronger positive relationships existed 
between SMB-C and –N and fine root biomass, SOC, and TN, than existed with litter 
and total root mass.  Additionally, SMB-C and –N were more strongly related to TN 
than to SOC, suggesting that in this system N may be more important than C as a 
limitation to microbial biomass.   
 Microbial biomass N, and the Cmic/Corg ratio varied significantly over the five 
sampling periods of this study, as did SMB-C, with a confounding harvest x time 
interaction.  Soil microbial biomass C decreased as the soil dried, which was expected 
(Wardle 1992; Aponte et al. 2010); however, the relationship to soil moisture was not 
significant.  Soil microbial biomass C and N did not increase with increasing soil 
moisture, which may have been a function of cooler temperatures as well as seasonal 
changes in plant production (e.g., less fine root mass) (Zak et al. 1994; Aponte et al. 
2010) in December 2011 and saturated soils in March 2012.   
Variation of Cmic/Corg over time was significant and seemed to be related to 
significant negative relationships with SOC and SOC:TN ratio.  Although Cmic/Corg 
variation followed a pattern similar to that of fine root biomass there was not a 
significant relationship.  This suggests that over the one year course of this study, C 
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quality decreased or there was less substrate available to the microbes and the microbial 
biomass is more N than C limited (Wardle 1992; Liao and Boutton 2008).  Decreasing 
Cmic/Corg over time may have also been due to increased maintenance costs that led to 
less biomass being produced per unit C during the drier months (Anderson 2003).   
II.5.4 Patterns with depth 
 Decreases in SMB-C and –N with depth have been attributed to decreases in both 
quantity and quality of substrates (Fierer et al. 2003; Aponte et al. 2010).  Results of this 
study showed that both SOC and TN decreased >50% with depth, and was matched by a 
decrease of >70% in the SMB-C and –N.  Because changes due to depth were relatively 
similar there was little decrease in the Cmic/Corg ratio with depth. 
II.6. Conclusions 
 Little is known regarding the biogeochemical consequences of tree harvest 
methods in forest ecosystems located in the Gulf Coastal Plain of the southeastern USA.  
We found that forest harvest intensity in the western Gulf Coastal Plain significantly 
reduced soil TN, and SMB-C and –N.  Moreover, these reductions have persisted for 15 
years since the treatments were imposed.  The persistent  reduction of SMB in the most 
severe harvest treatments  suggests that rates of key biogeochemical processes  may be 
altered which could constrain mineralization rates of limiting nutrients and reduce the 
productivity of future forest rotations.  Reductions in forest productivity will likely 
diminish their economic value and compromise the ability of these ecosystems to 
function as carbon sinks and mitigate the potential for future global changes.  
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CHAPTER III  
SOIL C, N, AND P STORES CHANGE IN RESPONSE TO TREE HARVEST 
PRACTICES IN LOBLOLLY PINE FOREST IN SOUTHERN USA 
 
III.1. Synopsis 
Plantation forestry is central to supplying the global demand for forest products, 
and as such it is important to understand the impacts of harvest on soil biogeochemical 
cycling and nutrient storage in these plantations to ensure the productivity and 
sustainability of future rotations.  The degree to which biogeochemical cycling is 
influenced is dependent on the extent to which the ecosystem is disturbed, and losses 
may be especially problematic in soils that are already nutrient deficient.  We 
investigated the effect of tree harvest intensity, soil compaction, and their interactions on 
soil total P (TP), total N (TN), and soil organic carbon (SOC) at two soil depths (0-10- 
and 10-20-cm) in a Pinus taeda L. forest in the western Gulf Coastal Plain, USA 15-
years following treatment.  Treatment combinations consisted of three tree harvest 
methods (bole only, whole tree, whole tree+forest floor removal) in factorial 
combination with three soil compaction intensities (none, intermediate, severe).  In the 
0-10 cm depth increment, the whole tree+forest floor removal treatment reduced TP by 
14% and TN by 18% compared to the bole only treatment.  Although SOC was lower in 
the more severe harvest treatments, this difference was not significant.  There was no 
evidence of harvest effect in the 10-20-cm soil increment, but TP, TN, and SOC were 
significantly lower in the deeper soil.  Soil C:N and C:P ratios were unaffected by 
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increasing harvest intensity in both soil depths.  Results of this study demonstrate the 
importance of maintaining forest floor materials on site following harvest in order to 
prevent decreases in soil stores of N and P, which are usually the two most limiting 
nutrients in forest production systems.  Removal of the forest floor resulted in significant 
reductions of limiting nutrients that may ultimately lead to diminished productivity. 
III.2. Introduction 
Plantation forestry plays a critical role in supplying the growing global demand 
for forest products (FAO 2010a).  The US alone removes the greatest proportion of 
global wood volume from its forests, and accounts for 16% of the total ≈ 3.4 billion m3 
global wood removals (FAO 2010a).  In the southern US, land area devoted to pine 
plantations is increasing (Carter and Foster 2006), but forest production across this 
region is generally N and P limited (Haywood et al. 2003; Carter and Foster 2006; Will 
et al. 2006; Fox et al. 2007; Campoe et al. 2013; Johnsen et al. 2013).  Disturbance of 
carbon and nutrient cycles due to the removal or redistribution of forest biomass and 
concurrent soil compaction during harvest activities may ultimately deplete ecosystem 
nutrient capital and diminish forest production capacity.  As more biomass is removed 
(e.g., whole tree harvest, windrowing) or stand rotations are shortened, increasing 
amounts of nutrients are removed (Metz and Wells 1965; Switzer et al. 1978; Tew et al. 
1986; Yanai 1998).  Additionally, soil compaction caused by forest harvesting may alter 
the rates of nutrient cycling processes due to changes in the soil physical environment 
(Greacen and Sands 1980; Fisher and Binkley 2000; Ampoorter et al. 2007; Blazier et al. 
2008; Labelle and Jaeger 2011; Berisso et al. 2012).  For example, soil compaction may 
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alter soil-atmosphere gas exchange and change water infiltration and retention 
characteristics, thereby modifying the chemical and physical environment of 
decomposer organisms. 
 The impact of forest management on soil C and N storage has been shown to be 
variable and dependent on factors such as inherent site qualities, climate, and 
management intensity (e.g., Knoepp and Swank 1997; Johnson and Curtis 2001; Carter 
et al. 2002; Goetz et al. 2012; Johnson et al. 2003; Laiho et al. 2003; Powers et al. 2005; 
Kiser et al. 2009; Nave et al. 2010; Vanguelova et al. 2010; Jones et al. 2011; Grand and 
Lavkulich 2012).  Whole tree harvesting and removal of forest harvest residues by either 
burning or redistribution directly impact ecosystem C and N storage by removing 
potential soil organic matter inputs (Kimmins 1977; Spangenberg et al. 1996; Carter et 
al. 2002; Li et al. 2003; Scott et al. 2004; Powers et al. 2005; Carter and Foster 2006; 
Wall 2008; Jones et al. 2011; Trettin et al. 2011; Wilhelm et al. 2013).  Additionally, 
indirect losses may occur due to changes in the soil microclimate that enhance the 
decomposition and losses of soil nutrient capital (Londo et al. 1999; Carter et al. 2002; 
Gough et al. 2005).  Soil compaction resulting from forest harvest operations may serve 
to protect soil organic matter from decomposition and result in no observable impacts 
(de Neve and Hofman 2000; Tan et al. 2005; Mariani et al. 2006; Sanchez et al. 2006a), 
or it may destroy soil aggregates thus exposing soil organic matter to microbial 
decomposition and potentially losses (Torbert and Wood 1992; Jordan et al. 2003). 
Temperate forests have been thought to be largely N limited.  However recent 
studies indicate that forests are likely both N and P limited (Elser et al. 2007; Fox 2007; 
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Kiser and Fox 2012).  Despite the importance of P to plant nutrition, relatively little is 
known about the impact of forest management on soil P; this is especially true for the 
coarse-textured, acidic soils of the Gulf Coastal Plain, USA.  Because P is rather 
immobile in acidic soils due to adsorption and precipitation with Fe and Al, relatively 
little is lost from the soil via leaching following harvest operations (Wood et al. 1984; 
Vitousek and Howarth 1991; Yanai 1998; Gravelle et al. 2009; Schlesinger and 
Bernhardt 2013).  Instead, the greatest P losses are generally due to the removal of 
biomass from a site.  Investigations examining the effects of forest harvest on soil total P 
have found no impact due to harvest (Palmer et al. 2005; Zerpa et al. 2010), and 
decreases in available P were due to decreased organic matter and decreased microbial 
and enzyme activity (Hassett and Zak 2005; Palmer et al. 2005; Sanchez et al. 2006a; 
Tan et al. 2008).   
Despite orders of magnitude differences in soil C, N, and P abundances, soil 
C:N:P stoichiometry has been found to be well constrained globally across vegetation 
types (Cleveland and Liptzin 2007).  In addition, forest foliar and litter C:N:P 
stoichiometry is also well controlled within forest biome types (McGroddy et al. 2004).  
With forest harvest practices that remove increasing amounts of biomass, or compaction 
that changes soil biogeochemical cycling, plant-soil nutrient feedback may become 
decoupled and result in altered soil C:N:P relationships.  For example, as C:P and N:P 
ratios increase there is the expectation that P is accumulating more slowly than C and N, 
which may result in diminished site productivity (Cleveland and Liptzin 2007).   
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The purpose of this study was to determine the impact of forest harvest intensity, 
soil compaction, and their interaction on soil C, N, and P storage in a Pinus taeda L. 
(loblolly pine) forest 15-years post-treatment.  Using the experimental plots at the Long-
Term Soil Productivity site located near Groveton, Texas, USA (hereafter “Groveton 
LTSP”) we quantified soil organic carbon (SOC), total N (TN), and total P (TP).  
Because of the increased removal of aboveground biomass and the changes in soil 
physical characteristics we hypothesized that, at mid-rotation, SOC, TN, and TP would 
be lowest and C:N:P ratios would be highest under the most intense forest management 
regimes.  
III.3. Materials and methods 
III.3.1 Study area 
 Soil samples were collected in March 2011 at the Groveton, Texas Long-Term 
Soil Productivity (LTSP) site (31°06' 32.48"N, 95°09' 59.15"W) located in the Davy 
Crockett National Forest in southeastern Texas.  Mean annual temperature is 19.1° and 
mean annual precipitation is 1135 mm (1981-2010) that is bimodal with peaks in May-
June and October.  Climate data was accessed from the National Oceanic and 
Atmospheric Administration, data was recorded at Crockett, Houston County, TX (≈38-
km northeast of the study site).  Elevation across the site is 101 to 110-m with slopes 
between 1-3%.  Soils across the study area are moderately well drained fine-loamy 
siliceous, thermic Oxyaquic Glossudalf in the Kurth series.   
The Groveton LTSP site was established in 1997 and is a 3X3 full factorial 
experiment replicated three times.  The main factors consist of three harvest intensities 
 44 
 
 
(merchantable bole/stem only, whole tree, and whole tree+forest floor removal) and 
three levels of soil compaction (none, intermediate, and severe) (Powers 2006) for a total 
of nine treatments on 0.4-ha plots.  Half of each plot received glyphosate herbicide 
treatment shortly after replanting and was applied once per year for five years, and the 
other half received no herbicide.  Harvesting on the Groveton LTSP site was 
accomplished with a Feller buncher and skidder on the compacted plots, while the non-
compacted plots were hand-felled, with trees lifted off the plots with a loader (Rick 
Stagg, USDA Forest Service, personal communication).  Compaction was accomplished 
with the use of a 9Z pneumatic-tired roller that was loaded to 2.4 Mg m-1 for the 
moderate and 4.2 Mg m-1 for the severe compaction treatment, and passed over the soil a 
total of six times (Rick Stagg, USDA Forest Service, personal communication).  Forest 
floor materials were removed from forest floor removal treatments by hand raking all 
organic matter from the plots down to the mineral soil.  Containerized P. taeda L 
seedlings of ten half-sib families from US Forest Service seed orchards were hand 
planted on a 2-m x 2-m spacing. 
III.3.2 Sample collection 
 Prior to sampling in March 2011, each split-plot (herbicided and non-herbicided 
halves) was divided into five “sub-plots”; four “sub-plots” were established at each 
corner and one central within the split-plot.  This method was used to ensure sample 
points were located throughout the plots.  Sample points were then randomly located 
within the “sub-plots” midway between two living P. taeda L stems interior to a three 
tree outer buffer.  Occasionally sampling occurred within the buffer due to mortality in 
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some plots.  At each sample point, a 0-20-cm soil core was obtained using a 4.8-cm 
internal diameter split corer (AMS, Inc., American Falls, ID, USA).  Cores were then 
divided into 0-10 and 10-20-cm increments and pooled in the field by increment per 
split-plot.  Soil samples were stored in coolers with ice in the field and maintained at 4°C 
in the lab until processed.   
III.3.3 Soil chemical characterization 
Soil samples were mixed well in the lab and an aliquot was dried at 105°C for 
bulk density and moisture determination.  This aliquot was subsequently used for the 
determination of pH using an Accumet Basic pH meter (Denver Instrument, Arvada, 
CO, USA) on a 1:2 soil to 0.01 M CaCl2 solution (Minasny et al. 2011).  The remaining 
soil was passed through a 2-mm sieve to remove large organic material and roots > 2 
mm.  A 20–30-g aliquot of sieved soil was dried at 60°C, and finely ground in a TE250 
ring pulverizer (Angstrom, Inc., Belleville, MI, USA) for subsequent elemental analysis.  
An additional sieved soil aliquot was dried at 105°C and analyzed for soil texture using 
the hydrometer method (Bouyoucos 1927; Ashworth et al. 2001). 
III.3.4 Total phosphorus determination 
 Total P was determined on duplicate samples from finely ground soils from the 
0-10 and 10-20-cm intervals using the lithium fusion technique (Lajtha et al. 1999).  
Briefly, 250-mg soil was mixed well with 750-mg lithium metaborate in a graphite 
crucible and heated in a muffle furnace at 1000°C for 15-minutes until white hot.  The 
molten flux was then poured into 50-mL of 10% nitric acid and stirred for 1.5 hours until 
fully dissolved.  Total P concentration of the extract was determined using a modified 
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molybdenum blue method (Murphy and Riley 1962; Dick and Tabatabai 1977).  Color 
development was achieved by mixing 4-mL of the extract solution with ammonium 
molybdate reagent (20-g in 500-mL H2O) and antimony potassium tartrate reagent 
(1.454-g in 500 mL H2O).  Colorimetric analysis was performed on a Spectronic 20D+ 
(Thermo Fisher Scientific Inc., Waltham, MA, USA) set at 720-nm transmittance (Dick 
and Tabatabai 1977).  Concentration of total soil P was calculated based on a standard 
curve of potassium phosphate solution (0, 2.5, 5, 7.5, and 10 µg mL-1).  Phosphorus 
analyses were standardized using San Joaquin soil (SRM 2709a; National Institute of 
Standards and Technology); repeated measurements of this standard yielded a relative 
standard error of 677 mg P kg-1 ±1.3%, where RSE equals the standard error divided by 
the estimate of P throughout analysis multiplied by 100. 
III.3.5 Carbon and nitrogen concentrations  
 Soil samples from the 0-10 and 10-20-cm intervals were analyzed for %C and 
%N in the Stable Isotopes for Biosphere Science Laboratory at Texas A&M University.  
Analyses were conducted on a Carlo Erba EA-1108 elemental analyzer (CE Elantech, 
Lakewood, NJ, USA).  Repeated measurements of the acetanilide standard yielded 
relative standard deviations of ± 0.17 % for C and ± 0.10 % for N. 
III.3.6 Statistical analyses 
There were no statistically significant effects due to soil compaction, harvest x 
compaction interaction based on general linear models, or herbicide treatment based on 
t-tests.  Findings are reported by harvest, with each harvest/compaction combination 
acting as one replicate (n=9).   Analysis of variance (ANOVA) was used to determine if 
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there were differences in TP, SOC, TP, soil bulk density and moisture, and C:N, C:P, 
and N:P ratios based on harvest intensity.  Post hoc Tukey-Kramer HSD was used to 
determine differences between treatments when ANOVA showed significant treatment 
effects.  Analysis of covariance (ANCOVA) was used to determine if there were 
differences in SOC, TN, and TP, and C:N, C:P, and N:P ratios based on depth. A 
significance level of α ≤ 0.05 was used throughout statistical testing.   
III.4. Results 
III.4.1 Soil properties 
Soil texture analyses indicated that the soil is loamy sand throughout the 0-20-cm 
sampling depth (Table 3-1).  Clay concentrations in the two soil increments were similar 
and ranged from 48-154 g kg-1.  Silt concentrations ranged 145-283 g kg-1 and sand 
concentrations ranged from 612-791 g kg-1.  Overall, soil pH was acidic (Table 3-1) and 
ranged from 3.5-4.7 in the 0-10-cm increment and 3.7-4.6 in the 10-20-cm increment.  
Volumetric soil moisture at the time of sampling was uniform in the upper 20-cm of the 
soil column and ranged from a low of 0.08 g cm-3 in both soil increments to highs of 
0.13 and 0.15 g cm-3 in the 0-10- and 10-20-cm increments, respectively (Table 3-1).  
Neither soil pH nor soil moisture was affected by harvest intensity (p > 0.05).  Bulk 
density ranged from 0.97-1.25 g cm-3 at 0-10-cm, and from 1.27-1.50 g cm-3 at 10-20-
cm.   
III.4.2 Effects of harvest intensity and depth on TP, TN, and SOC 
 Soil total P in the 0-10-cm depth interval was 10 and 15% greater in the bole 
only treatment (9.08 ±0.42 g P m-2) versus the whole tree (8.16 ± 0.24 g P m-2) and 
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whole tree+forest floor removal treatment (7.69 ± 0.47 g P m-2) respectively (Figure 3-
1a).  The effect of harvest intensity was significant (ANOVA, p ≤ 0.05).  The differences 
between harvest intensities in the 10-20-cm interval were not significant (Figure 3-1a).  
Total P was significantly greater in the 0-10-cm soil interval (16-21%) compared to the 
10-20 cm depth (Figure 3-1a). 
 
 
Table 3-1.  Bulk density, soil particle distributions, pH, and soil moisture averaged across all 
study plots at the time of sampling.  Based on the percentages of sand, silt, and clay the site has a 
soil classification of loamy sand. 
 
Depth 
(cm) 
Bulk density 
(g cm-3)ǂ 
Soil texture  
(g kg-1)* pHǂ 
Soil moisture 
(g cm-3)ǂ 
  Sand Silt Clay   
0 – 10 1.12±0.01 755±7 180±5 65±3 4.15±0.06 0.104±0.003 
10 – 20 1.43±0.01 737±8 193±6 70±5 4.23±0.05 0.109±0.003 
 
ǂ Means ± S.E., n = 27  * Means ± S.E., n = 24   
 
 
 
Total nitrogen at 0-10-cm was significantly greater (p < 0.05) in the bole only 
treatment (97.6 ± 3.9 g N m-2) compared to the whole tree (88.4 ± 3.1 g N m-2) and 
whole tree+forest floor removal (81.1 ± 3.2 g N m-2) treatments (Figure 3-1b).  Although 
bole only harvest had higher TN, there was not a significant harvest effect in the 10-20-
cm soil interval.  There was significantly higher TN in the 0-10-cm soil interval (81-98 g 
N m-2) compared to the 10-20-cm interval (40-43 g N m-2), with the greatest difference 
occurring in the bole only treatment (Figure 3-1b). 
 Harvest intensity had no effect on SOC at either depth interval, but on average 
the bole only treatment (2202 ±  g C m-2) had slightly higher SOC than the two more 
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intense harvests (1911-2060 g C m-2) in the 0-10-cm interval.  However, this trend was 
not evident in the 10-20-cm increment where SOC averaged 758 ± 19.5 g C m-2 across 
all treatments (Figure 3-1c).  The decrease in SOC with soil depth was significant (p < 
0.001).  The greatest depth effect was seen in the bole only harvest treatment (Figure 3-
1c). 
III.4.3 C:N, C:P, and N:P ratios 
 Soil C:N, C:P, and N:P ratios tended to increase, albeit not significantly, with 
increasing forest harvest intensity (Table 3-2).  Depth significantly impacted all ratios (p 
< 0.05).  In the 0-10-cm interval C:N ratios were 17-21% higher than the 10-20-cm 
ratios, with the bole only treatment exhibiting the greatest difference.  Both C:P and N:P 
ratios were approximately 50% lower in the 10-20-cm depth increment compared to 0-
10-cm.   
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Figure 3-1.  Total P (a), SOC (b), and Total N (c) (g m-2) at 0-10- and 10-20-cm in different 
forest harvest treatments.  Means ± S.E., n = 9.  Bars with different letters are different in the 0-
10-cm increment. 
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Table 3-2. Soil C:N, C:P, and N:P ratios in different forest harvest treatments. 
 
 0 – 10-cm 10 – 20-cm 
 Bole only Whole tree Whole tree + forest floor Bole only Whole tree 
Whole tree + 
forest floor 
C:Na 22.5±0.7 23.0±1.2 23.6±0.5 17.8±0.9 18.9±1.3 19.7±1.1 
C:Pa 249.5±16.6 258.8±21.6 267.6±21.1 108.6±6.7 115.9±10.9 121.5±7.2 
N:Pa 11.0±0.4 11.1±0.4 11.3±0.7 6.1±0.2 6.1±0.3 6.3±0.5 
 
a Means ± S.E., n = 9 
 
 
 
III.5. Discussion 
Forest harvest intensity and simultaneous soil compaction may modify soil 
conditions in such a way to alter biogeochemical cycling within the ecosystem.  The 
results of this study supported our prediction that TP and TN would be lowest under the 
most intense forest harvest regime in the upper 10-cm soil increment, but the effects of 
harvest were not evident in the soil below this level.  Although SOC decreased with 
increasing forest harvest in the top 10-cm of soil, it was not significant, and likewise was 
not evident below this level.  Elemental ratios tended to increase, albeit non-
significantly, with increasing forest harvest intensity.  Neither soil compaction nor its 
interaction with forest harvest intensity affected TP, TN, or SOC or elemental ratios in 
this western Gulf Coastal Plain site 15-years post-treatment.   
 The results of this study indicate that there are long-lasting negative impacts on 
soil TP and TN as a consequence of increasing tree harvest intensity.  In the 0-10-cm soil 
increment, soil TP was 10-15% greater in the bole only harvest versus the whole tree and 
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whole tree+forest floor removal treatments, below this depth, harvest impact was not 
evident.  Total soil P consists of several fractions that differ in the degree to which they 
are available for plant and microbial uptake, and the degree to which they are susceptible 
to losses via leaching.  For example, in a South Carolina pine forest, the size of the labile 
soil P pool remained relatively constant during 40 years of forest aggradation, while the 
more “slowly cycling” fractions (e.g., organic and inorganic P associated with Fe and Al 
oxides) became reduced in size as they buffered the uptake of labile P by the forest 
biomass (Richter et al. 2006).  At this time we cannot say definitively which P fraction 
contributed to P losses. Nonetheless, similar studies have found that the removal of 
forest floor decreased available P in Louisiana and North Carolina due to the losses in 
organic matter pool that stores a substantial portion of total soil P (Sanchez et al. 2006a).  
In addition, a strong positive correlation has been found between available P and TP 
(Tan et al. 2008).  While P losses at the Groveton LTSP site may be attributable to 
available P, we cannot rule out the possible losses of more recalcitrant P associated with 
Fe and Al in these acidic soils.  While litter may be an important source of mineralizable 
P, it may not be adequate to overcome the losses of P in the most severe harvest 
treatment (Haywood et al. 2003).  
 Soil TN in the bole only treatment in 0-10-cm increment was 9-17% greater than 
the whole tree and whole tree+forest floor removal treatments, but beyond this depth 
harvest effects were not apparent.  The magnitude of these differences is similar to those 
seen in soil TP.  Although Sanchez et al. (2006a) found decreases in available P in 10-
year old P. taeda stands in Louisiana and North Carolina, they found no overall effect of 
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forest harvest intensity on TN.  In contrast, Jones et al. (2011) found that soil N 
concentrations in the upper 10-cm of the soil profile were significantly lower in 
treatments in which the forest floor was removed 15-years earlier in a Pinus radiata 
plantation in New Zealand.  They suggested that because soil moisture was lower in the 
forest floor removal treatment, microbial decomposition was probably low, and the more 
likely scenario was that lower N was a result of reduced input until the forest floor had 
fully regenerated.  
Similar to other studies, SOC was not significantly impacted by forest harvest 
intensity (Powers et al. 2005; Hoover 2011), but there was a tendency for decreasing 
content with increased harvest.  Powers et al. (2005) attributed the lack of SOC response 
to root decomposition from the harvested stand and changes in bulk density.  Tree 
harvest methods had no effect on SOC at 10-20 cm, suggesting that deeper soil carbon 
may be less sensitive to harvest effects in this region.   
III.6. Conclusions 
Forestlands across the southern USA are generally N and P limited and tree 
harvest accompanied by soil compaction may diminish these nutrients even further.  
Results of this study showed that increasing biomass removal during harvest had a 
significant long-lasting (c. 15-years) negative impact on both N and P, but compaction 
did not.  We suggest that following harvest of the current stand, the deficit in the more 
intensely harvested plots may become more pronounced.  In turn this may lead to 
diminished productivity of the subsequent rotation.  The results of this study emphasize 
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the importance of maintaining the forest floor in place following harvest in southern 
forests to maintain soil fertility and future productivity.   
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CHAPTER IV 
SOIL NITROGEN POOLS AND δ15N RESPONSES TO TREE HARVEST IN THE 
WESTERN GULF COASTAL PLAIN 15 YEARS AFTER TREATMENT 
 
IV.1. Synopsis 
Forest harvesting increases radiation reaching the soil surface, decreases 
transpiration and rainfall interception, and increases the amount of precipitation reaching 
and infiltrating into the soil.  The magnitude of these impacts varies with intensity of tree 
harvest method, but generally result in soil conditions that favor microbial activity and 
accelerate N-cycling processes potentially resulting in N losses from the ecosystem.  
Forest harvest that removes increasing amounts of aboveground biomass results in 
greater N losses, potentially limiting the productivity and sustainability of future 
rotations.  In addition, soil compaction during tree harvest may influence the potential 
for N losses by altering soil structure, gas exchange, and water infiltration.  To determine 
the impact of forest harvest intensity, soil compaction, and their interaction on N-cycling 
we quantified N and δ15N in the litter, roots, and soil in a Pinus taeda L. forest in eastern 
Texas 15-years post-treatment.  Sampling was conducted quarterly from March 2011 to 
March 2012 on experimental forest plots subjected to three harvest methods (bole only, 
whole tree, whole tree+forest floor removal) in factorial combination with three soil 
compaction levels (none, intermediate, severe).  Litter N pool sizes were reduced by 
increasing harvest intensity and varied seasonally, and were highest in the bole only 
treatment (10-13 g N m-2) and lowest in the whole tree+forest floor removal treatment 
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(9-10 g N m-2).  Soil total N in the 0-10-cm increment was also reduced by increasing 
harvest removal and was highest in the bole only harvest (74-99 g N m-2) and lowest in 
the whole tree+forest floor removal treatment (61-83 g N m-2).  Tree harvest methods 
had no effect on total root N pool in the upper 10-cm of the profile; however, root N 
varied through time.  Soil δ15N was always lowest in the bole only treatment (1.21-
1.96‰), and highest in the more intensely harvested treatments (1.41-2.72‰).  Higher 
soil δ15N suggests N-losses following tree harvest were greater in the more intense 
harvest treatments, consistent with smaller N pool sizes observed in those treatments.  
There was no harvest effect beyond the 10-cm depth, and neither soil compaction nor the 
harvest method x compaction interaction affected any response variables.  Results 
indicate that forest harvest practices that removed the most aboveground biomass 
resulted in significant ecosystem N-losses that have yet to recover even 15-yrs following 
treatment.  Since N is a limiting nutrient for tree growth in the sandy soils of the Gulf 
Coastal Plain, tree harvest practices that favor N-retention will help ensure the continuity 
of ecosystem services and sustain the productivity of forestlands in this region. 
IV.2. Introduction 
Forest harvesting increases the amount of solar radiation reaching the soil 
surface, decreases transpiration and rainfall interception, and increases the amount of 
precipitation reaching and infiltrating the forest floor and into the soil.  The magnitude of 
these impacts will vary with the intensity of the tree harvest method, but generally result 
in warmer and wetter soils that favor microbial activity and accelerate N cycling 
processes that can result in leaching and gaseous N losses from the ecosystem (Bormann 
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and Likens 1979; Paul et al. 2003; Jerabkova et al. 2011).  More intense forest harvest 
(i.e., removal of increasing amounts of aboveground biomass) results in greater N losses 
due to removal non-bolewood materials that contain higher concentrations of N, 
potentially limiting the productivity and sustainability of future rotations. 
Major exports of N from forest stands occur when more than the merchantable 
bole is harvested.  Studies across a broad range of forest types and bioclimatic regions 
indicate that when tree harvest events remove the whole tree or a combination of whole 
tree+forest floor, N exports range from 0.60 to 11 times higher compared to bole only 
harvest (Kimmins 1977; Spangenberg et al. 1996; Carter et al. 2002; Li et al. 2003; Scott 
et al. 2004; Powers et al. 2005; Carter and Foster 2006; Wall 2008; Jones et al. 2011; 
Trettin et al. 2011; Wilhelm et al. 2013).  However, the response of soil total N stores to 
increasing harvest intensity appears to be variable and inconsistent.  While some studies 
have reported no changes in soil total N (Olsson et al. 1996; Johnson and Todd 1998; 
Carter et al. 2002; Scott et al. 2004; Choi et al. 2005; McLaughlin and Phillips 2006), 
others have reported significant decreases (Scott et al. 2004; Choi et al. 2005; Powers et 
al. 2005; Sanchez et al. 2006a; Jones et al. 2011) that may persist for more than a decade 
in some forest soils (Sanchez et al. 2006a).  Two meta-analyses found that harvest had 
no effect on soil total N (Johnson and Curtis 2001; Jerabkova et al. 2011). However, 
Johnson and Curtis (2001) found that bole only harvest increased soil N versus a 
decrease when the whole tree was harvested.  In contrast, Jerabkova et al. (2011) found 
that harvest intensity did not affect post-harvest response.  Although the Johnson and 
Curtis (2001) meta-analysis included sites from southeastern USA, there were no studies 
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available to represent responses in the ecologically and economically important forests 
of the western Gulf Coastal Plain.   
 Soil compaction often occurs during forest harvest, and modifies soil structure 
and porosity, and increases bulk density and soil strength, which may reduce aeration, 
gas exchange, and water infiltration (Fisher and Binkley 2000; Powers et al. 2005; Tan 
et al. 2005; Ampoorter et al. 2007; Labelle and Jaeger 2011), with potential implications 
for N cycling processes.  For example, alteration in the soil atmosphere may ultimately 
lead to a change in N cycling by reducing N mineralization (Breland and Hansen 1996; 
Tan and Chang 2007) and/or nitrification (Tan et al. 2005; Tan and Chang 2007).  
Alternatively, compaction may have no effect on N mineralization (de Neve and Hofman 
2000; Shestak and Busse 2005).  A reduction in mineralization could reduce the amount 
of N available for plant uptake, and hence forest productivity.  Furthermore, soil 
compaction may hinder growth and exploration of the soil profile by roots and 
mycorrhizal hyphae, potentially limiting access to water and nutrients, reducing above- 
and belowground plant productivity and  organic matter inputs to the soil (Gomez et al. 
2002; Ludovici 2008).   
 Natural δ15N values of plants and soils are useful for studying N-cycle processes 
at spatial scales ranging from the individual organism to the globe (Nadelhoffer and Fry 
1994; Hogberg 1997; Robinson 2001; Amundson et al. 2003; Craine et al. 2009; Pardo 
and Nadelhoffer 2010), and are sensitive to the effects of ecosystem disturbance (Bai et 
al. 2013).  At equilibrium, soil δ15N is regulated mainly by inputs (e.g., N-deposition and 
N-fixation) and outputs (e.g., N leaching and trace gas effluxes), but is unaffected by 
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internal N cycling processes that result in no net N loss such as plant uptake or 
microbially-mediated N-transformations (Brenner et al. 2001; Houlton et al. 2007; Bai 
and Houlton 2009; Houlton and Bai 2009; Koba et al. 2012).  Following an ecosystem 
disturbance such as a forest harvest event, rates of N-transformations (e.g., nitrification, 
denitrification) are often accelerated (Bai et al. 2013) and can lead to N-losses via 
leaching and/or trace gas fluxes.  Since these N-transformations also cause N isotope 
fractionation, disturbances often alter the δ15N values of ecosystem components.  δ15N 
values of plant tissues, litter, and soils in forest ecosystems have been used to examine 
the consequences of fertilization, timber harvest, litter manipulations, and soil 
compaction on N cycle properties and processes (Nadelhoffer and Fry 1988; Johannisson 
and Hogberg 1994; Pardo et al. 2002; Choi et al. 2005; Sah and Ilvesniemi 2007; Garten 
et al. 2011), but few have examined 15N responses on a seasonal basis (e.g., Feigen et al. 
1974; Neilson et al. 1998) or seasonally in forests (e.g., Ometto et al. 2006). 
The Long-Term Soil Productivity (LTSP) study is a multinational program aimed 
at understanding relationships between land management and sustainable forest 
productivity (Powers 2006).  All sites within this network employ a common 
experimental design of three tree harvest methods (merchantable bole/stem only, whole 
tree, whole tree+forest floor removal) and three soil compaction intensities (none, 
intermediate, and severe) in factorial combination.  An LTSP site was established in the 
Davy Crockett National Forest (herein after Groveton LTSP) in eastern Texas, USA, 
which represents the westernmost extent of the southern pine region (Siska et al. 2006) 
and lies at the ecotone between forest and grassland biomes.  As such, this region may 
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be exceptionally vulnerable to changes in temperature and rainfall predicted for the 
future (Schmandt et al. 2009), and these climate change drivers may interact with forest 
management practices to influence nutrient pools and dynamics.  Despite its unique 
ecological setting, little is known regarding the impacts of forest management practices 
on N-cycling in this region. 
The purpose of this study was to determine the impact of forest harvest intensity, 
soil compaction intensity, and their interaction on N-cycling in a Pinus taeda L. (loblolly 
pine) forest 15-years following treatment.  To accomplish this we quantified N and δ15N 
in the litter, root, and soil compartments.  Using experimental plots at the Groveton 
LTSP site, three broad hypotheses were tested that address the importance of forest 
management practices on N-cycling: 1) tree harvest, soil compaction, and their 
interaction will result in soil total N that is lowest in the most severe treatments; 2) lower 
soil N stores in the most severe treatments will be accompanied by smaller N pool sizes 
in the litter and root compartments; and 3) greater N losses in the most severe treatments 
will be reflected in higher δ15N values in the litter, root, and soil compartments. 
IV.3. Materials and methods 
IV.3.1  Study area 
Soil and forest floor samples were collected five times from March 2011 through 
March 2012 at the Groveton LTSP site, Texas, USA (31°06' 32.48"N, 95°09' 59.15"W).  
Mean annual temperature is 19.1° and mean annual precipitation is 1135 mm (1981-
2010) that is bimodal with peaks in May-June and October (Figure 4-1).  Climate data was 
recorded at Crockett, Houston County, TX (≈38-km northeast of the study site) and 
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subsequently obtained from the National Oceanic and Atmospheric Administration.  
Topography at the study site is nearly flat with slopes of 1-3% and elevation ranging 
from 101 m to 110 m.  Soil within the study area is classified as a fine-loamy siliceous, 
thermic Oxyaquic Glossudalf in the Kurth series.   
The Groveton LTSP site was established in 1997 as a full factorial experiment 
replicated three times on 0.4-ha plots.  Experimental treatments consist of three harvest 
intensities (merchantable bole/stem only, whole tree, and whole tree+forest floor 
removal) and three levels of soil compaction (none, intermediate, and severe) (Powers 
2006).  Glyphosate was applied to one-half of each plot one time per year for five years 
following harvest, while the other half did not receive herbicide.  Harvesting on the 
Groveton LTSP site was accomplished with a Feller buncher and skidder on the 
compacted plots, while the non-compacted plots were hand-felled with trees lifted off 
the plots with a loader (Rick Stagg, USDA Forest Service, personal communication).  
Forest floor was removed by hand-raking all aboveground organic matter to the mineral 
soil from the whole tree+forest floor removal treatments.  Moderate and severe 
compaction were accomplished with a 9Z pneumatic-tired roller (W.E. Grace 
Manufacturing Co., Dallas, TX, USA) towed by a tractor that was loaded to 2.4 Mg m-1 
and 4.2 Mg m-1, respectively (Rick Stagg, USDA Forest Service, personal 
communication).  Each treatment plot was hand-planted with containerized P. taeda L. 
seedlings from 10-half-sib families from US Forest Service seed orchards on a 2m x 2m 
spacing.   
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Figure 4-1.  Average climate conditions (1981-2010) for Crockett, Houston County, Texas (31° 
18' 25.92" N, 95° 27' 3.24" W).  The mean annual temperature is 19.1°C with mean annual 
precipitation of 1135 mm.  Data is from the National Oceanic and Atmospheric Administration 
(http://www.ncdc.noaa.gov/dailyform/DlyFORMv2). 
 
 
 
IV.3.2 Sample collection 
 Sampling occurred in March, June, September, and December 2011, and March 
2012.  Prior to sampling, each split-plot was partitioned into five “sub-plots”, with four 
based at the corners and one based centrally within the split-plot.  This method was used 
to ensure sampling points that were located throughout the plots.  Sample points were 
then randomly located within each “sub-plot” midway between two living P. taeda on 
the interior of a three tree outer buffer.  However, due to mortality in some plots, 
sampling was occasionally performed within the buffer.   
At each sample point, forest floor materials were collected from a 0.25 x 0.25-cm 
quadrat followed by the collection of a soil core.  In March 2011, soil cores were 
collected to a depth of 30-cm with a 4.8-cm internal diameter split-corer, and divided 
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into 0-10, 10-20, and 20-30-cm increments and pooled in the field by split-plot.  An 
attempt was made to collect soil cores to 30-cm in March 2012, but due to saturated 
soils, only the 0-10 and 10-20-cm increments could be retrieved.  In June, September, 
and December 2011, 10-cm soil cores (4.8-cm diam.) were collected and similarly 
pooled in the field by split-plot.  Soil samples were stored in coolers in the field and 
maintained at 4°C in the lab until processed. 
IV.3.3 Soil chemical and physical characterization 
Soil samples were mixed thoroughly in the lab and a 30-g aliquot of field-moist 
soil was dried at 105°C until stable mass was achieved to measure bulk density and 
gravimetric soil moisture.  Volumetric water content (θv) was determined by multiplying 
gravimetric water content (θg; g H2O g soil-1) by bulk density (Jarrell et al. 1999).  This 
aliquot was subsequently used for the determination of pH using an Accumet Basic pH 
meter (Denver Instrument, Arvada, CO, USA) on a 1:2 solution of soil in a 0.01 M 
CaCl2 solution (Minasny et al. 2011).  The remaining soil was passed through a 2-mm 
sieve to remove large organic material and roots >2-mm.  A 20-30-g aliquot of sieved 
soil was dried at 60°C, and finely ground in a TE250 ring pulverizer (Angstrom, Inc., 
Belleville, MI, USA) for N concentration and isotope analysis.  An additional aliquot of 
sieved soil was dried at 105°C for texture analysis using the hydrometer method 
(Bouyoucos 1927; Ashworth et al. 2001). 
IV.3.4 Root characterization 
 Roots collected during sieving were divided into a coarse and fine fraction based 
on diameters ≥2 mm or <2mm, respectively.  Additionally, a 100-150-g aliquot of sieved 
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soil was used to recover fine roots using a hydropneumatic elutriation system (Gillison’s 
Variety Fabrication, Benzonia, MI, USA) fitted with 450-µm screens.  All root materials 
were dried at 60°C until stable mass was achieved, cut into smaller fragments, and 
finally ground in a ring pulverizer prior to %N and δ15N analysis. 
IV.3.5  Forest floor materials 
 Upon return to the lab, forest floor materials were dried at 60°C, sorted into 
woody debris and leaf matter (henceforth called ‘litter”), cleaned of remaining soil 
particles and weighed.  Litter was coarsely ground with a Thomas-Wiley Laboratory 
Mill (Philadelphia, PA, USA) using a 2-mm screen.  The coarse mix was then finely 
ground in a ring pulverizer for %N and δ15N analysis.   
IV.3.6 Nitrogen concentration and isotopic analysis 
Soil, litter, and root samples were analyzed for %N and δ15N in the Stable 
Isotopes for Biosphere Science Laboratory at Texas A&M University.  Analyses were 
conducted on a Carlo Erba EA-1108 elemental analyzer (CE Elantech, Lakewood, NJ, 
USA) interfaced with a Finnigan Delta Plus isotope ratio mass spectrometer (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) in continuous flow mode.  N isotope values 
are reported in delta notation: 
δ
15N = [(Rsample – Rstandard)/Rstandard] X 1000 
where Rsample is the ratio of 15N/14N in the sample and Rstandard is the ratio of 15N/14N of 
the international atmospheric N2 standard (Mariotti 1983).  Precision of measurements 
on the acetanilide working standard used during the study was standard deviation of 
0.17‰ for δ15N (mean = 0.48‰) and 0.15% for N-concentration (mean = 10.35%). 
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IV.3.7 Statistical analysis 
 Statistical analyses were carried out with JMP Pro (SAS Institute, Inc., Cary, NC, 
USA).  Over the one year study period we did not see statistically significant effects due 
to soil compaction or the harvest by compaction interaction based on general linear 
models.  In addition, there were no differences between herbicided and non-herbicided 
split-plots based on t-tests.  Therefore, findings based only on harvest effects and time of 
sampling are reported, with each harvest/compaction combination treated as a replicate 
(n=9).  However, a wildfire in September 2011 precluded the use of one replicate of each 
harvest intensity, resulting in an n=8.  A significance level of α ≤ 0.05 was used 
throughout statistical testing.   
Repeated measures analysis of variance (ANOVA) was used to determine the 
effect of harvest on N pools and their δ15N values over the one-year study period for the 
0-10-cm level only.  Pearson correlation analysis was used to determine if relationships 
existed between the parameters examined during this study.  Potential relationships 
between N cycle characteristics (i.e., pool sizes and their δ15N values) based on plot 
means and environmental conditions (average temperature and total precipitation) for the 
30-days prior to each sample date were evaluated using linear regression and multiple 
regression methods.   
IV.4. Results 
IV.4.1 Climate and soil moisture 
 Precipitation in 2011 was 684-mm, approximately 40% lower than the 30-year 
average.  In contrast, precipitation in the first three months of 2012 was 441-mm, 
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approximately 36% higher than the 30-year average of 283-mm for the same period 
(Figure 4-2a).  In 2011, mean annual air temperature was 1.5°C higher than the 30-year 
average.  Mean temperature during the first three months of 2012 was 3°C higher than 
the 30-year average for the same period (Figure 4-2a).   
 
 
 
  
 
Figure 4-2.  Mean monthly air temperatures and total precipitation from January 2011 through 
April 2012 (a), and mean volumetric water content ± S.E. (n = 24 at each depth) in 2011 and 
2012 (b).  Data for air temperatures and total precipitation are from the National Oceanic and 
Atmospheric Administration (http://www.ncdc.noaa.gov/dailyform/DlyFORMv2). 
 
 
 
Volumetric water content ranged from a low of 0.03 mL cm-3 for the June 2011 
sample period to a high of 0.21 mL cm-3 for the March 2012 sample period (Figure 4-2b) 
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and was not affected by harvest method and varied little with depth.  Soil moisture in the 
0-10-cm increment had a strong positive correlation with the total precipitation for the 
30-day period prior to sampling (r = 0.79, p < 0.01) and a strong negative correlation 
with mean temperature for the 30-days prior to sampling (r = -0.75, p < 0.01).  Together 
precipitation and temperature explained 80% of the variation in soil moisture in the 0-
10-cm increment (p < 0.001, Table 4-1). 
 
 
Table 4-1.  Results of multiple regression analyses for prediction of soil moisture (mL cm-3), N-
pool sizes (g N m-2), and the δ15NAIR-values (‰) of those pools from precipitation and mean 
temperature during the 30-days prior to each sampling event. 
 
 
Soil 
moisture Litter N Total root N Fine root N Coarse root N Soil N 
R2 0.8050 0.3025 0.4712 0.5424 0.7664 0.3375 
P-valuea <0.0001 0.1152 0.0219 0.0092 0.0002 0.0845 
   
   
 
 
 Litter δ15N  Fine root 
δ
15N 
Coarse root 
δ
15N 
Soil 
δ
15N 
R2  0.0200  0.4436 0.5779 0.3976 
P-value  0.8861  0.0297 0.0057 0.0478 
a
 Italicized p-values are significant. 
 
 
 
IV.4.2 Soil physical and chemical characteristics 
 Soil texture is loamy sand (Table 4-2).  Sand concentration ranged from a low of 
730 g kg-1 in the 20-30-cm increment to a high of 755 g kg-1 in the 0-10-cm increment.  
Silt concentration ranged from a low of 176 g kg-1 in the 20-30-cm increment and a high 
of 193 g kg-1 in the 10-20-cm increment.  Clay concentration was lowest (65 g kg-1) at 0-
10-cm and highest (94 g kg-1) in the 20-30-cm increment.  Bulk density over the course 
of the study period was lowest in the 0-10-cm increment (0.97-1.42 g cm-3), highest in 
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the 10-20-cm increment (1.35-1.60 g cm-3), and intermediate in the 20-30-cm increment 
(1.28-1.51 g cm-3) (Table 4-2).  Overall, soil pH was acidic (Table 4-2) and ranged from 
3.5-4.7 in the 0-10-cm increment, 3.9-4.6 in the 10-20-cm increment, and 3.5-4.8 in the 
20-30-cm increment. 
 
 
Table 4-2. Soil bulk density, particle size distributions, and pH by depth and averaged across all 
study plots.  Based on the percentages of sand, silt, and clay the site has a soil classification of 
loamy sand. 
_______________________________________________________ 
 
Depth 
(cm) 
 
Bulk 
density 
(g cm-3)a 
Sand  
(g kg-1)b 
Silt  
(g kg-1) 
Clay  
(g kg-1) 
pHc 
0 – 10 1.18 ± 0.01 755 ± 7 180 ± 5 65 ± 3 4.15 ± 0.06 
10 – 20 1.44 ± 0.01 737 ± 8 193 ± 6 70 ± 5  4.23 ± 0.05 
20 – 30 1.41 ±0.01 730 ± 12 176 ± 7 94 ± 14 4.21 ± 0.06 
____________________________________________________________ 
 
a
 Means ± SE [n = 120 (0-10-cm); 48 (10-20-cm); 27 (20-30-cm)] 
b
 Means ± SE (n = 24) 
c
 Means ± SE (n = 27) 
 
 
 
IV.4.3 Litter, soil, and root nitrogen content 
 Litter N pool sizes were significantly reduced by increasing harvest intensity 
(repeated measures ANOVA, p < 0.001) and varied significantly through time (p < 0.01, 
Table 4-3).  Litter N was highest in the bole only treatment (9.9-12.6 g N m-2) and 
lowest in the whole tree+forest floor removal treatment (9.0-10.2 g N m-2); whole tree 
treatment values fell between these treatment extremes (Figure 4-3a).  There was a 
negative relationship between precipitation and litter N with precipitation explaining 
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28% of the variance observed (Figure 4-4a); however, there was no relationship between 
30-day average temperature and litter N (Figure 4-4b).  Multiple regression of 
precipitation and temperature on litter N was not statistically significant (Table 4-1). 
 
 
Table 4-3.  Results of repeated measures ANOVA (p-values) testing the effects of tree harvest 
method, time, and their interaction on N pool sizes and their δ15N values.  Results for all root 
fractions and soil are for the 0-10-cm depth increment. 
            _____________________________________________________ 
 
 Harvest Time Harvest * Time 
N-pools (g m-2) p-values a 
Litter 0.0010 0.0036 0.6564 
Fine roots 0.7973 < 0.0001 0.7142 
Coarse roots 0.3386 0.0003 0.3058 
Total roots 0.6111 < 0.0001 0.6097 
Soil  0.0078 < 0.0001 0.5016 
δ
15N (‰) 
 
  
Litter 0.6761 0.0910 0.3155 
Fine roots 0.0248 < 0.0001 0.9899 
Coarse roots 0.3935 < 0.0001 0.4717 
Soil 0.0020 < 0.0001 0.2678 
            _____________________________________________________ 
 
a
 Italicized p-values are significant. 
 
 
 
Soil total N storage in the 0-10-cm increment was also significantly impacted by 
increasing harvest intensity (p < 0.01) and time (p < 0.001, Table 4-3).  Soil N was 
highest in the bole only treatment (74-99 g N m-2) and lowest in the whole tree+forest 
floor removal treatment (61-83 g N m-2, Figure 4-3k).  Soil total N was approximately 
54-68% lower in the 10-20 and 20-30-cm depth increments both March 2011 and 2012 
across all harvest treatments (Figure 4-3 l,m).  Neither total precipitation nor mean 
temperature during the 30-days prior to sampling could account for a significant 
proportion of the variation in soil N (Figure 4-4i,j).  However, multiple regression using 
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both precipitation and temperature as predictor variables was able to account for 34% of 
the variation in soil N during the study period (p < 0.1, Table 4-1).  
Fine root N-content in the 0-10-cm increment was not significantly impacted by 
tree harvest intensity, but varied significantly with time (p < 0.001, Table 4-3).  Values 
for fine root N were highest (1.3-1.6 g N m-2) during March and June 2011, and declined 
steadily to the lowest values in March 2012 (0.6 g N m-2, Figure 4-3e).  Fine root N 
ranged from 0.1 to 0.3 g N m-2 in the 10-20 and 20-30-cm depth intervals in March 2011 
and 2012 (Figure 4-3f,g).  There was a significant negative relationship between fine 
root N and the 30-day total precipitation (r2 = 0.47, p < 0.01, Figure 4-4e).  The 30-day 
average temperature was not related to fine root N.  Together precipitation and 
temperature accounted for a significant proportion of variance in fine root N (R2 = 0.54, 
p < 0.01, Table 4-1).  
Coarse root N-content in the 0-10-cm increment was not significantly affected by 
harvest treatment, but varied significantly with time (p < 0.001, Table 4-3).  Coarse root 
N in the 0-10-cm depth interval ranged from 1.5-2.8 g N m-2, with peak values occurring 
in September 2011 (Figure 4-3h).  Values in the 10-20 and 20-30-cm intervals were 
substantially lower and ranged from 0.2 to 0.7 g N m-2 (Figure 4-3i,j).  There was a 
significant negative relationship between coarse root N and the 30-day total precipitation 
(r2 = 0.46, p < 0.01, Figure 4-4g).  There was a significant positive relationship between 
coarse root N and 30-day average temperature (r2 = 0.34, p < 0.05, Figure 4-4h).  
Together precipitation and temperature accounted for a high proportion of the variance 
in coarse root N (R2 = 0.77, p < 0.001, Table 4-1). 
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Figure 4-3.  Litter (a), root (b-j), and soil (k-m) N pool (g N m-2) responses to harvest intensity 
over time at three soil depths.  Symbols are means ± S.E. (n = 8).   
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Figure 4-4.  Litter (a,b), root (c-h) and soil (i,j) N pools (g N m-2) in relation to total precipitation 
and mean temperature during the 30-days prior to each sampling event.  Symbols (▲ bole only; 
● whole tree; ■ whole tree+forest floor removal) are means ± S.E. (n = 8). Values for roots and 
soil are for the 0-10-cm depth increment. 
 
 
 
 Tree harvest method had no effect on the total root N pool (fine + coarse roots) in 
the upper 10-cm of the soil profile; however, this variable showed significant variation 
through time (p < 0.05, Table 4-3).  Because coarse roots represented 50-76% of total 
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root N, the seasonal variation in total root N closely resembled that of coarse root N 
(Figure 4-3b).  Total root N ranged from 1.9 to 3.8 g N m-2 in the 0-10-cm depth interval, 
and from 0.3 to 1.0 g N m-2 in the 10-20 and 20-30-cm increments (Figure 4-3c,d).  
There was a significant negative relationship between total root N and 30-day total 
precipitation (r2 = 0.71, p < 0.001, Figure 4-4c).  Conversely, there was a positive 
relationship between total root N and the 30-day average temperature (r2 = 0.37, p < 
0.05, Figure 4-4d).  Together, precipitation and temperature accounted for a significant 
proportion of the variation in total root N (R2 = 0.47, p < 0.05, Table 4-1).  
IV.4.4 Litter, soil, and root δ15N 
 δ
15N values in the litter-root-soil system in this loblolly pine forest ranged from 
approximately -3.5 to 5.1‰, a range of nearly 9‰ (Figure 4-5).  δ15N values increased 
in the order: litter < coarse roots < fine roots < surface soil < deeper soil. 
Litter δ15N was not significantly altered by harvest method or time (Table 4-3).  
However, litter from the bole only treatments (-3.17 to -3.03‰) was generally more 15N-
depleted than the more intensely harvested treatments (-3.05 to -2.77‰, Figure 4-5a).  
Multiple regression of precipitation and temperature on litter δ15N was not significant 
(Table 4-1). 
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Figure 4-5.  Litter (a), root (b-g), and soil (h-j) δ15N responses to harvest intensity over time at 
three soil depths.  Values are means ± SE (n = 8).   
 
 75 
 
 
 Soil δ15N was significantly impacted by increasing harvest intensity (p < 0.01) 
and time (p <0.001, Table 4-3).  Soil δ15N values in the bole only treatment were always 
less enriched, ranging from 1.21 to 1.96‰; in contrast, those in the more intensely 
harvested treatments ranged from 1.41 to 2.72‰ (Figure 4-5h).  Soil δ15N values became 
substantially higher with increasing depth in the profile, with values in the 10-20 and 20-
30-cm depths ranging from 4.4 to 5.1‰ (Figure 4-5i,j).  There was a positive 
relationship between soil δ15N and 30-day total precipitation (r2 = 0.23, p < 0.1, Figure 
4-6g); in contrast, there was a significant negative relationship between soil δ15N and 30-
day average temperature (r2 = 0.35, p < 0.05, Figure 4-6h).  Multiple regression with 
precipitation and temperature accounted for 40% of the variance in soil δ15N values (p < 
0.05, Table 4-1). 
 δ
15N of fine roots in the 0-10-cm increment were significantly impacted by 
increasing tree harvest intensity (p < 0.05) and time (p < 0.001, Table 4-3).  Fine root 
δ
15N values in the bole only treatment were always lowest (-1.56 to -0.67‰), while 
those in the whole tree+forest floor removal treatment were always highest (-0.99 to -
0.16‰, Figure 4-5b).  Fine roots at 10-20 and 20-30-cm were generally 0.25 to 0.56‰ 
more enriched in 15N than those from the 0-10-cm increment (Figure 4-5c,d).  Twenty-
seven percent of the variance in fine root δ15N was explained by 30-day total 
precipitation (p < 0.05, Figure 4-6c), while 38% of the variance could be explained by 
30-day average temperature (p < 0.05, Figure 4-6d).  Together precipitation and 
temperature accounted for 44% of the variance in root δ15N (p < 0.05, Table 4-1). 
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Figure 4-6.  Litter (a,b), root (c-f), and soil (g,h) δ15NAIR-values (‰) in relation to total 
precipitation and mean temperature during the 30-days prior to each sampling event.  Symbols 
(▲ bole only; ● whole tree; ■ whole tree+forest floor removal) are means ± S.E. (n = 8). Values 
for roots and soil are for the 0-10-cm depth increment. 
 
 
 
 Coarse root δ15N in the 0-10-cm increment was not affected by tree harvest 
intensity, but varied significantly over time (p < 0.001, Table 4-3).  As was the case with 
fine roots, coarse root δ15N values were always lowest in the bole only treatment (-2.42 
to -1.42‰ Figure 4-5e), while those in the more intensely harvested plots were higher (-
2.15 to -0.93‰, Figure 4-5e).  Coarse root δ15N values at the 10-20 and 20-30-cm depths 
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were generally similar to those in the 0-10-cm depth (Figure 4-5f,g).  Thirty-nine percent 
of the variance in coarse root δ15N was accounted for by 30-day total precipitation (p < 
0.05, Figure 4-6e), and 46% of the variance was accounted for by the 30-day average 
temperature in the 0-10-cm increment (p < 0.01, Figure 4-6f).  Multiple regression using 
both precipitation and temperature accounted for 58% of the variance in coarse root δ15N 
(p < 0.01, Table 4-1). 
IV.5. Discussion 
IV.5.1 N storage in the litter, roots, and soil 
 Fifteen years after treatment, nitrogen storage in the litter and upper 10-cm of 
soil were both reduced significantly by increasing harvest intensity, but there was little 
or no evidence of harvest effect beyond this depth or in the root compartments (Figure 4-
3).  Soil total N in the upper 10-cm was up to 21% lower in the more intense harvest 
treatments versus the bole only.  This reduction in soil N due to harvest intensity is 
similar in magnitude to that reported in several studies reviewed by Johnson and Curtis 
(2001).  The litter N pool was also approximately 18% lower in the whole tree+forest 
floor removal treatment compared to plots where only the bole was harvested.  Litter N 
storage at this site was slightly higher than that in a 10-year old Pinus taeda stand in 
Alabama, USA that averaged 87 kg N ha-1 in control and litter removed plots (Zerpa et 
al. 2010).  Forests in general are nutrient limited and rely on continual inputs and 
conservative cycling to maintain nutrient stores (Sayer 2006).  Due to the size of the soil 
and litter N pools and their importance to site productivity in this nutrient poor site, the 
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persistence of the N losses documented in this study (≈ 15-yrs postharvest) is quite 
noteworthy.   
 Variations in litter and root N pools over the course of this study were primarily 
related to temporal variations of precipitation and temperature, while soil N storage was 
unrelated to environmental variables (Figure 4-4).  Both litter and root N pools 
decreased with increasing precipitation.  Because this forest ecosystem is moisture 
limited, the observed loss of litter N during periods of higher precipitation is likely 
attributable to accelerated litter decay during periods of higher rainfall (Prescott et al. 
2005; Scott and Messina 2010).  Root production is known to be sensitive to resource 
availability, temperature, and rainfall (Teskey and Hinckley 1981; Sword et al. 1998a, 
1998b; Torreano and Morris 1998; Fisher and Binkley 2000; Tingey et al. 2005).  In this 
study, root production, and therefore root N pools, likely decreased during periods of 
higher precipitation due to increased moisture availability which would lessen the need 
for a more extensive and/or intensive root system (Torreano and Morris 1998).  In 
addition, there may have been decreased air-filled pore space during periods of higher 
precipitation, which may have limited root growth during wetter periods (Gregory 2006).  
Higher temperatures were generally associated with less precipitation, suggesting that 
higher root N storage with increasing temperatures was a result of higher root production 
during periods of decreased moisture availability.   
IV.5.2 δ15N in litter, roots, and soil 
 Enrichment of 15N in the litter and 0-10-cm root and soil pools was evident in the 
more intense forest harvest treatments compared to the bole only harvest, and was less 
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pronounced at 10-20-cm.  However, only the δ15N values from the 0-10-cm soil and fine 
root δ15N were significantly affected (Figure 4-5).  Enrichment due to increased 
nitrification and nitrate loss are expected following harvest (Robertson et al. 1987; Sah 
and Ilvesniemi 2007; Pardo et al. 2002), but because nitrate losses during the time of the 
current study were probably small (Johnston and Crossley 2002), ongoing N losses are 
likely not the driver of the long-term pattern of enrichment.  The probable mechanism 
for enrichment of soil 15N and hence the plant compartments in the most intensely 
harvested treatments is the pulse removal of 15N-depleted biomass (i.e., branches, twigs, 
forest floor) at the outset of the original study in 1997 (Nadelhoffer and Fry 1988; 
Robinson 2001; Hogbom et al. 2002; Choi et al. 2005).  However, it is also possible that 
the higher δ15N values in the more severe harvest treatments are at least in part 
attributable to higher rates of N-losses due to acceleration of N-transformations (e.g., 
nitrification, denitrification) that enrich the residual ecosystem N.  For example, more 
radiation would have reached the soil surface in the most severe harvest treatment where 
all tree biomass and the forest floor were removed, resulting in higher soil temperatures 
and potentially higher rates N-loss processes (e.g., nitrification/denitrification followed 
by leaching or gaseous losses) during the time interval between forest harvest and stand 
recovery. 
 Soil and root δ15N values varied temporally and were mainly related to variations 
in precipitation and temperature (Figure 4-6 c-h).  Although not significant, higher 
precipitation led to 15N-enrichment of soil N, suggesting increased denitrification was 
occurring in these highly acidic soils (Nadelhoffer and Fry 1988).  In contrast, both fine 
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and coarse roots became 15N depleted with increasing precipitation, which is consistent 
with global relationships of foliar δ15N and MAP (Handley et al. 1999; Craine et al. 
2009).  The root response to increased precipitation may be driving the observed 
responses in soil δ15N, wherein roots are utilizing plant-available forms of N that are 
15N-depleted,  thus leaving the soil comparatively enriched in 15N.  Increasing 
temperature led to lower soil δ15N, which is contrary to the global scale pattern of 
enrichment with increasing temperature (Amundson et al. 2003).  In contrast, the root 
compartments followed the trend of enrichment with increasing temperature reported for 
foliar δ15N (Amundson et al. 2003; Craine et al. 2009).   
While 15N enrichment of the soil is expected during periods of higher 
temperatures due to increased microbial activity, in this forest ecosystem higher 
temperatures were associated with decreased precipitation and drier soil, suggesting that 
processes may have slowed and roots were taking up more enriched N leaving the soil 
depleted.  Alternatively, roots may have been accessing deeper soil resources that were 
15N-enriched, but based on the slopes of the correlations (Figure 4-6 d,f, and h), the 
former rather than the latter is likely occurring, especially in light of the higher N 
associated with the dry period.  
IV.6. Conclusions 
Nitrogen is a key component in forest ecosystem productivity and perturbations 
to N pools may result in long-lasting changes in pool sizes and dynamics.  In this 
western Gulf Coastal Plain site, more intense forest harvest methods resulted in 
significant decreases in N storage in both the litter and soil pools, the largest source 
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pools.  Higher soil δ15N values in the more severe harvest treatments suggest that N 
losses were greater in those plots, consistent with the smaller N pool sizes observed in 
those treatments.  Results of this study indicate that the removal of more aboveground 
biomass with the most intense forest harvest resulted in significant ecosystem N-losses 
that have yet to recover 15-years following treatment.  Because future rotations will rely 
on site nutrient capital, and because tree growth in the sandy soils of this region is 
nutrient limited, forest harvest practices that minimize aboveground biomass removal are 
recommended to sustain productivity and ensure continuity of ecosystem services. 
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CHAPTER V 
RECOVERY OF SOIL C AND N STORES FOLLOWING TIMBER HARVEST: A 
TIME SEQUENCE IN THE WESTERN GULF COASTAL PLAIN, USA 
 
V.1. Synopsis 
Worldwide forest ecosystems are the largest terrestrial carbon (C) pool, with over 
40% of the C held in soils; however, disturbances have the potential to alter this sink due 
to changes in biogeochemical processes that ultimately affect forest productivity.  The 
extent of disturbance may dictate the degree to which the C pool is affected and the 
potential of ecosystem C recovery.  The purpose of this study was to determine the 
impact of forest harvest activities on soil organic carbon (SOC) and total nitrogen (TN) 
storage and to quantify accumulation rates following harvest.  Soils were collected to a 
depth of 10-cm every five years between 5- and 15-years post-treatment from the 
Groveton, TX Long-Term Soil Productivity (LTSP) sites located in the western Gulf 
Coastal Plain USA.  Treatments consisted of three harvest methods (bole only, whole 
tree, whole tree+forest floor removal) in factorial combination with three soil 
compaction levels (none, intermediate, severe) followed by planting to Pinus taeda L 
(loblolly pine), and at 15-years, unharvested plots were identified for use as controls.  
We quantified soil C and N by dry combustion, and used linear models to determine C 
and N accumulation rates.  Harvest resulted in significantly lower SOC (1051-1174 g C 
m-2) at five years and lower TN at five and 10-years (52±3-74±3 g N m-2) when 
compared to control plots (2082±61 g C m-2 and 99±13 g N m-2).  Evidence of altered 
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biogeochemical cycling was apparent in the enrichment of 13C and 15N in the SOC and 
TN, respectively.  However, accumulation rates of 86-103 g C m-2 yr-1 and 3-4 g N m-2 
yr-1 resulted in nearly complete recovery of both SOC and TN by 15-years post-harvest.  
Soil compaction and the harvest by soil compaction interaction had no effect on the 
measured soil variables.  Results of this study suggest that, overall, harvest may not have 
a long-term negative impact on SOC and TN storage in the western Gulf Coastal Plain.  
However, lower accumulation rates in the most intensely harvested treatments may 
impact the productivity of subsequent rotations. 
V.2. Introduction 
Globally forest ecosystems are the largest terrestrial carbon (C) pool and store 
861±66 Pg C, with 44% located in the soil to a depth of one meter (Pan et al. 2011).  
Forests worldwide are a net C sink taking up 1.1±0.8 Pg C year-1 (Pan et al. 2011).  The 
United States alone accounts for uptake of 0.25 Pg C year-1 (Pan et al. 2011), with the 
southeastern region considered the largest sink.  In addition, forests in the southeastern 
US are projected to continue acting as sinks through the end of the century (Song et al. 
2013).  However, the ability of forests to serve as C sinks is impacted by disturbance and 
will depend on the time since disturbance (Pregitzer and Euskirchen 2004) and severity 
of disturbance and site specific factors (Goetz et al. 2012).   
Carbon accumulation in soils is closely linked to nitrogen (N) availability (Kiser 
et al. 2009) and forest harvest may impact C accumulation by removing increasing 
amounts of nutrient rich biomass (e.g., leaves, branches).  The effects of forest 
management on C and N are still not well understood and variances have been attributed 
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to climate, inherent site characteristics, disturbance type and frequency, and previous 
land use history (Richter et al. 1999; Johnson and Curtis 2001; Goetz et al. 2002; Guo 
and Gifford 2002; Nave et al. 2010).  Several studies have found that as forests age, 
accumulation of C is generally in the biomass, with little to no overall accumulation in 
the mineral soil (Richter et al. 1999; Schlesinger and Lichter 2001). However, in the 
course of 40-years Richter et al. (1999) did find significant accumulation in the 0-7.5-cm 
mineral soil, and Kelly and Mays (2005) likewise saw C accumulations after 26-years 
that they suggested was a function of understory growth and the possibility that the 
forest was still aggrading.  Because of the close linkages of C and N cycles, a 
disturbance to one cycle will likely disrupt the other. 
Natural abundances of isotopes of C and N have been used to examine the impact 
of disturbances, land use change, and vegetation shifts on biogeochemical cycling 
(Chang and Handley 2000; Billings and Richter 2006; Bai et al. 2009) and are 
integrators of C and N cycling within ecosystems (Robinson 2001; Ehleringer et al. 
2000; Billings and Richter 2006).  Isotopic signatures in the soil therefore rely upon the 
isotopic character of inputs and outputs and the input/output balance, as well as 
discrimination events during transformations.  Following disturbance there is a tendency 
for both TN and SOC to become more enriched.  Total N may become more enriched 
due to altered N-transformation rates (e.g., denitrification, nitrification) and accelerated 
gaseous N-losses and/or leaching losses (Bai et al. 2013).  Enrichment of SOC may be a 
function of removal of depleted organic materials (e.g., roots, litter) (Nadelhoffer and 
Fry 1988) and/or kinetic fractionation during decomposition in which 12C is 
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preferentially respired leaving the soil enriched (Diochon and Kellman 2009).  As time 
progresses isotopic depletion of SOC and TN may occur due to the incorporation of 
isotopically depleted litter and root biomass (Nadelhoffer and Fry 1988).   
To understand the impact of forest harvest activities on soil C and N storage over 
time we used archived soil samples (5-and 10-years post-treatment) and more recently 
collected samples (15-years) from the Groveton, Texas Long-Term Soil Productivity 
(LTSP) site (herein after “Groveton LTSP”).  Experimental units in the LTSP network, 
spanning the US and Canada, were designed to understand the relationships between 
forestry practices and sustainable forest productivity (Powers 2006).  The network uses a 
factorial combination of three tree harvest intensities (bole only, whole tree, whole 
tree+forest floor removal) and three soil compaction intensities. 
The Groveton LTSP site was established in the Davy Crockett National Forest in 
eastern Texas, USA, and represents the westernmost extent of the southern pine region 
(Siska et al. 2006) lying at the ecotone between forest and grassland biomes.  As such, 
this region may be extraordinarily susceptible to changes in rainfall and temperature 
predicted for the future (Schmandt et al. 2009), and these climate change drivers may 
interact with forest management practices to influence C and N storage and 
accumulation.  Despite its unique ecological context, little is known about the long-term 
impact of forestry practices on C and N storage and accumulation in the soils in this 
region.  Therefore, the objectives of this study are to 1) determine the impact of forest 
harvest activities on soil C and N storage over time compared to untreated control plots, 
and 2) quantify accumulation rates of C and N. 
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V.3. Materials and methods 
V.3.1 Study area and sample collection 
 The study site is located at the Long-Term Soil Productivity (LTSP) site in the 
Davy Crockett National Forest near Groveton, TX, USA (31°06' 32.48"N, 95°09' 
59.15"W).  The climate is subtropical with a mean annual temperature of 19.1°C and 
mean annual precipitation of 1135-mm (1981-2010) that is bimodal, with peaks in May-
June and October (Figure 5-1).  Climate data was recorded at Crockett, Houston County, 
TX (≈38-km northeast of the study site) and subsequently obtained from the National 
Oceanic and Atmospheric Administration.  Topography of the site is nearly flat with 
slopes of 1-3% and elevation ranging from 101-m to 110-m.  Soils across the study area 
are uniform (fine-loamy siliceous, thermic Oxyaquic Glossudalf in the Kurth series).   
The Groveton LTSP treatment plots were established in 1997 in accordance with 
the parameters specified by the LTSP program which consists of three harvest intensities 
(bole only, whole tree, and whole tree+forest floor removal) and three levels of soil 
compaction (none, intermediate, and severe) (Powers 2006) replicated three times and 
replicate blocks designated TX1, TX2, TX3.  Organic materials from forest floor 
removal treatment plots were raked off of the plots by hand.  Glyphosate was applied 
once per year for five years to control understory growth on one-half of each 0.4-ha 
treatment plots and the other half received no herbicide treatment.  On compacted plots, 
a feller-buncher and skidder were used for harvesting and the non-compacted plots were 
hand-felled with trees lifted off the plots with a loader (Rick Stagg, USDA Forest 
Service, personal communication).  A 9Z pneumatic-tired roller (W.E. Grace 
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Manufacturing Co., Dallas, TX, USA) loaded to 2.4 Mg m-1 and 4.2 Mg m-1 for the 
moderate and severe compaction, respectively, was towed by a farm tractor and rolled 
over the soil a total of six times (three passes in one direction and three passes in a 
second direction perpendicular to the first passes) (Rick Stagg, USDA Forest Service, 
personal communication).  Containerized Pinus taeda L (loblolly pine) seedlings of 10-
half sib families from USDA Forest Service seed orchards in Texas, Louisiana, and 
Mississippi were hand planted on a 2-m x 2-m spacing.  
 
 
Figure 5-1.  Mean monthly temperature and precipitation (1981-2010) for Crockett, Houston 
County, Texas (31° 18' 25.92" N, 95° 27' 3.24" W).  The mean annual temperature is 19.1°C 
with mean annual precipitation of 1135 mm.  Data from the National Oceanic and Atmospheric 
Administration, (http://www.ncdc.noaa.gov/dailyform/DlyFORMv2). 
 
 
 
Soil sampling occurred at 5-, 10-, and 15-years after timber harvest treatments 
were implemented.  Because pre-treatment soils were unavailable for the plots subjected 
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to timber harvest, three unharvested plots on the same soil type with tree ages ranging 
from 50-80 years were established in the surrounding “old-growth” forest and designated 
as controls.  Archived soil samples from 5- and 10-years postharvest were obtained from 
the USDA Forest Service.  At stand age 5-years old, 10-samples per split-plot were 
extracted, at 10-years old 10-samples per split-plot were extracted from TX1, and 5-
samples per split-plot from TX2 and TX3.  At stand age 15-years old, 5-samples were 
taken per split plot, and 5-samples were taken from each control plot.  For each time 
period soil samples from the 0-10-cm increment were pooled by split plot and 
homogenized thoroughly. 
V.3.2 Soil processing, physical and chemical analyses 
The soil samples from both control and experimental plots that were taken 15-
years after the treatments were installed were used for soil chemical and physical 
analyses.  An aliquot of the bulked soil was dried at 105°C until stable mass was reached 
for bulk density determination, and subsequently used for pH determination using an 
Accumet Basic pH meter (Denver Instrument, Arvada, CO, USA) on a 1:2 solution of 
soil in a 0.01 M CaCl2 solution (Minasny et al. 2011).  An additional aliquot of soil was 
sieved through a 2-mm mesh and dried at 105°C for texture analysis using the 
hydrometer method (Bouyoucos 1927; Ashworth et al. 2001). 
V.3.3  Carbon and nitrogen concentrations, and isotopic analyses 
Samples from all time periods were thoroughly mixed and sieved to remove 
organic materials and roots > 2-mm.  All soils were dried and finely ground in a TE 250 
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ring pulverizer (Angstrom, Inc., Belleville, MI, USA) for C and N concentration and 
isotope analyses. 
Soil samples were analyzed for C and N concentrations, δ13C, and δ15N in the 
Stable Isotopes for Biosphere Science Laboratory at Texas A&M University.  Analyses 
were conducted on a Carlo Erba EA-1108 elemental analyzer (CE Elantech, Lakewood, 
NJ, USA) interfaced with a Finnigan Delta Plus isotope ratio mass spectrometer 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) in continuous flow mode.  Carbon 
and N isotope values are reported in delta notation: 
δ
xxE = [(Rsample – Rstandard)/Rstandard] X 1000 
where E is the element, Rsample is the ratio of either 13C/12C  or 15N/14N in the sample, and 
Rstandard is the ratio of 13C/12C of the international standard V-PDB or 15N/14N of the 
international atmospheric N2 standard (Mariotti 1983).  Precision of measurements on 
the acetanilide working standard used during the study was 0.48% for C-concentration 
(mean = 71.21%) and 0.15% for N-concentration (mean = 10.35%).  Precision for δ13C 
was 0.10‰ (mean = -30.2‰) and precision for δ15N was 0.17‰ (mean = 0.48‰).  Soil 
C and N densities (g m-2) were computed as the product of the elemental concentration, 
soil bulk density, and soil depth (Ellert and Bettany 1995).   
V.3.4 Statistical analyses 
 Statistical analyses were performed with JMP Pro (SAS Institute, Inc., Cary, NC, 
USA).  Based on general linear models and t-tests, we did not see statistically significant 
effects due to either soil compaction or the harvest by compaction interaction, and 
herbicide treatments, respectively.  Therefore, findings based only on harvest effects are 
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reported with each harvest/compaction combination acting as one replicate.  Analysis of 
variance (ANOVA) was used to determine if there were differences in SOC, TN, δ13C, 
and δ15N between the control plots and harvest levels during each sample period.  
Tukey’s HSD was used when differences were significant.  Soil organic carbon and TN 
were regressed against date of sampling to determine if slopes were significantly 
different from zero and to determine accumulation rates using the equation in the form 
of y = mx + b.  A significance level of α ≤ 0.05 was used throughout statistical testing. 
V.4. Results 
V.4.1 Soil physical and chemical characteristics 
 Overall soil pH was acidic (4.01-4.27) and soil texture was loamy sand (Table 5-
1).  Bulk density in the control plots averaged 1.22±0.02 g cm-3 and was highest 5-years 
post-treatment (1.27±0.01 g cm-3) with the lowest mean at 15-years post-treatment 
(1.12±0.01 g cm-3) (Table 5-1). 
V.4.2 Soil organic carbon and total nitrogen content  
 Soil organic carbon content was significantly higher in the control plots 
(2082±61 g C m-2, p < 0.05) when compared to each harvest method at 5-years post-
harvest (1051 to 1174 g C m-2) and by 15-years harvest effect was no longer evident 
when compared to the control plots (1911 to 2202 g C m-2; Figure 5-2A).  Carbon 
content was consistently highest in the bole only treatment when compared to the whole 
tree and whole tree+forest floor removal treatments (Figure 5-2A).  Carbon 
accumulation rates in all treatments were significant (p < 0.001) with the lowest rate 
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occurring in the whole tree+forest floor removal (86 g C m-2 yr-1) and highest in the bole 
only treatment (103 g C m-2 yr-1; Table 5-2). 
 
 
Table 5-1.  Bulk density (g cm-3), pH and soil texture. 
 
Post harvest  
Controla 
5-yearsd 10-yearsd 15-years 
Bole onlya     
Bulk density (g cm-3) 1.22 ± 0.02 1.25 ± 0.02 1.17 ± 0.03 1.08 ± 0.02 
pH     4.27 ± 0.05 
Whole treea     
Bulk density (g cm-3)  1.26 ± 0.02 1.15 ± 0.02 1.12 ± 0.03 
pH     4.17 ± 0.12 
Whole tree+forest floorb     
Bulk density (g cm-3)  1.33 ± 0.02 1.25 ± 0.02 1.17 ± 0.02 
pH    4.01 ± 0.09 
Soil texturec     
Sand (g kg-1)    755 ± 7 
Silt (g kg-1)    180 ± 5 
Clay (g kg-1)    65 ± 3 
a
 Mean ± SE (control n = 3; all others n = 9) 
b
 Mean ± SE (5- and 10-years n = 7; 15-years n = 9) 
c
 Mean ± SE (n = 24)  
d
 Data courtesy of Dr. D. Andrew Scott, USDA Forest Service          
 
 
 
Control plots had significantly higher TN content (99±13 g N m-2, p < 0.05) than 
any of the harvest methods at 5- and 10-years following treatment (52±3 to 74±3 g N m-
2), and by 15-years post-treatment there were no differences (Figure 5-2B).  Total 
nitrogen was highest in the bole only treatment over the course of the sample periods 
(Figure 5-2B).  Accumulation rates under all harvest methods were significant (p < 
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0.001) with nitrogen accumulating slightly more rapidly in the bole only harvested plots 
versus the two more intensive harvests (4 g N m-2 yr-1 versus 3 g N m-2 yr-1; Table 5-2).  
 
 
 
Figure 5-2.  A) SOC (g C m-2); B) TN (g N m-2); C) δ13C and D) δ15N (‰) of control, 5-, 10- and 
15-year post-harvest soils to 10-cm.  Control means ± SE (n = 3); 5- and 10-year means ± SE (n 
= 9 bole only and whole tree, n = 7 whole tree+forest floor); and 15-year means ± SE (n = 9).  
 
 
 
V.4.3 δ13C and δ15N 
 The mean δ13C of SOC in the control plots (-27.4±0.15‰) was significantly 
lower than the values in all harvest methods at 5-years (-26.8±0.12 to -26.6±0.13‰) and 
was significantly higher than all harvest methods at 15-years (-28.1±0.06 to -27.9± 
0.11‰; Figure 5-2C).  The whole tree harvest tended to have the most depleted SOC and 
the whole tree+forest floor was the least depleted.  Mean soil δ15N in the control plots 
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(1.76±0.03‰) was significantly lower than those in all of the harvest treatments at 5- 
and 10-years, and the whole tree+forest floor removal treatment 15-years following 
harvest (2.27±0.20 to 3.40±0.16‰; Figure 5-2D).  The whole tree+forest floor removal 
treatment tended to have the most enriched TN (2.40±0.14 to 3.40±0.16‰; Figure 5-2D) 
compared to the other harvest methods.  
 
 
Table 5-2.  Linear regression of SOC and TN by harvest method against time. 
  
 SOC  
 Equation 
(y = b+mx) 
R2 Adj. p-value Accumulation 
(g C m-2 yr-1) 
Bole only 610 + 103x 0.65 <0.001 103 
Whole tree 592 + 96x 0.54 < 0.001 96 
Whole tree+forest floor 578 + 86x 0.67 < 0.001 86 
 TN  
 Equation 
(y = b+mx) 
R2 Adj. p-value Accumulation 
(g N m-2 yr-1) 
Bole only 42 + 4x 0.69 < 0.001 4 
Whole tree 37 + 3x 0.52 < 0.001 3 
Whole tree+forest floor 35 + 3x 0.62 < 0.001 3 
 
 
 
V.5. Discussion 
Worldwide, forest soils store 44% of ecosystem carbon; however, disturbances 
caused by forestry operations may diminish this pool due to alterations of input and 
output.  Results of this study showed that forest harvest, regardless of intensity, 
negatively impacted SOC and TN stores initially when compared to an undisturbed 
stand, but generally recovered after 15-years.  Evidence of the disturbance and recovery 
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are borne out in the isotopic signatures of the SOC and TN over time.  Neither soil 
compaction nor the soil compaction by harvest interaction had an effect on the variables 
examined. 
Unlike previous studies of LTSP sites (Powers et al. 2005), the Groveton site had 
significant initial reductions in SOC and TN content (g m-2) at five years.  Based on 
isotope values we suggest that two interacting mechanisms produced the result shown in 
our study: 1) reduced inputs from both aboveground litter and roots, and 2) 
decomposition of residual soil organic matter that led to the initial enrichment of both 
SOC and TN.   
Plant materials are commonly more depleted in the heavier isotopes when 
compared to soils (i.e., δ-values are more negative) (Nadelhoffer and Fry 1988; Fry 
1991; Amundson et al. 2003) and following harvest when the input of both roots and 
above-ground litter are eliminated, soils will likely become more enriched.  Because root 
input in this study was likely diminished equally across all harvest treatments, higher 
δ
13C and δ15N-values seen in the whole-tree+forest floor removal treatments versus the 
bole only harvest were probably a function of the removal of more above-ground input.  
Reduced inputs in turn may have led to mineralization of remaining SOM and 
subsequent losses of SOC, whereas N was likely lost due to soil conditions that 
accelerated nitrification/denitrification associated losses (Bormann and Likens 1979; 
Paul et al. 2003; Jerabkova et al. 2011).  Both loss mechanisms would result in the 
enrichment of remaining SOC and TN, respectively (Diochon and Kellman 2009). 
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Recovery of SOC was probably due to increased above- and belowground inputs 
as a result of increased productivity as the stands aged and is reflected in the depletion of 
13C in the SOC.  Rates of SOC accumulation were between 86-103 g C m-2 yr-1 which 
are higher than those reported elsewhere (e.g., Richter et al. 1999; Post and Kwon 2000; 
Luxmoore et al. 2008), but similar in magnitude (110 g C m-2 yr-1 over 20-years) to those 
reported from in a humid tropical forest (Fonseca et al. 2011).  Carbon accumulation rate 
in a re-establishing forest in South Carolina was reported as 4 g C m-2 yr-1 that was 
attributed to the upper 7.5-cm of the mineral soil (Richter et al. 1999), with the low rate 
of accumulation attributed to rapid cycling of C.  Post and Kwon (2000) found on 
average 33 g C m-2 yr-1 was being accumulated in soils following forest or grassland 
establishment.  In addition, a simulation performed by Luxmoore et al. (2008) found that 
soil C in a loblolly pine stand increased ≈1600 g C m-2 over the course of 25-years, 
which would equate to an accumulation rate of 64 g C m-2 yr-1 if the accrual was linear.  
Depletion of 13C beyond that of the control plots, suggests that equilibrium has not yet 
been reached in the treatment plots. 
 Nitrogen in the treatment plots accumulated at rates of 3-4 g N m-2 yr-1.  Because 
these plots were not fertilized during establishment or thereafter, and there was no 
evidence of leguminous plants, either atmospheric deposition, free-living N-fixation, 
nutrient uplift, or a combination of these factors may be responsible for the observed 
accumulation rates.  Average atmospheric deposition of inorganic N (NO3- + NH4+) 
between 1997-2011 was ≈0.35 g N m-2 yr-1 (National Atmospheric Deposition Program, 
National Trends Network, http://nadp.isws.illinois.edu), accounting for little of the 
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observed accumulation.  In addition, free-living N-fixation may have likewise accounted 
for very little of the N-accumulation seen in this study.  Reed et al. (2011) reported free-
living N fixation rates of 0.001-1.2 g N m-2 yr-1 in temperate forests, which, when 
summed with the average atmospheric deposition, would account for about one-half of 
the N-accumulation rates seen at the Groveton LTSP site.  Nutrient uplift of limiting 
nutrients has been suggested as an additional mode of augmenting surface soil nutrients 
(Jobbagy and Jackson 2001).  Although we cannot say with certainty that uplift 
occurred, it is a possible explanation for the increase of TN over time.   
V.6. Conclusions 
The effects of forest harvest activities on soil organic C and total N has been 
variable across studies.  In this study there was significantly less SOC and TN in the 
upper 10-cm of soil at 5-years post-harvest compared to control plots.  Enrichment of 
stable isotopes of C and N confirmed that losses occurred following harvest and was 
likely due to two mechanisms, diminished input from isotopically depleted roots and 
above-ground litter inputs, and microbial activity that led to mineralization of residual 
soil organic matter that culminated in additional 13C and 15N enrichment.  Although 
losses were significant, accumulation of both C and N after 15-years has resulted in soil 
stores that are nearing control plots levels.  Collectively, these results show that this 
western Gulf Coastal Plain forest has been able to recover important soil nutrients 
following harvest activities by mid-rotation.  However, under the most extreme harvest 
(whole tree+forest floor removal), both SOC and TN are still far from control plot levels, 
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suggesting that this harvest method may not be sustainable in the loamy sand soils of this 
region. 
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CHAPTER VI 
SUMMARY AND CONCLUSIONS 
 
Forests across the globe provide many ecosystem services, one of which is the 
uptake of carbon from the atmosphere.  However, demand for forest products and 
subsequent forest harvest activities have the potential to alter biogeochemical processes 
in forestlands and may in turn alter forests’ ability to act as C sinks by reducing 
productivity.  The removal of biomass and compaction of soils during harvest may 
perturb nutrient cycles by changing input and output of the system, but because studies 
examining the effects of harvesting have been variable, generalizations across diverse 
forest biomes is ill-advised.  In addition, there is little in the literature regarding the 
impact of harvest operations in the western Gulf Coastal Plain, USA.  Therefore, the 
objective of this study was to determine the impact of forest harvest practices on 
biogeochemical cycling in a Pinus taeda L. (loblolly pine) forest in east Texas.  This 
study used the Groveton Long-Term Soil Productivity (LTSP) experimental site to 
examine the effect of tree harvest method and compaction on biogeochemical processes 
quarterly over the course of one year (5 sample periods) 15-years after plot 
establishment and planting of P. taeda.   
The LTSP experimental program is a network of over 60 core sites in the USA 
and Canada that examines the effect of forest harvest activities on soil productivity.  At 
the outset of the program two factors were identified as those most directly affected by 
forest management: site organic matter and soil porosity (Powers 2006).  In other words, 
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the volume of above-ground biomass removed during harvest and soil compaction due to 
the entry of harvest machinery on plots.  Consequently, sites within the network employ 
a factorial experiment consisting of three harvest methods (bole only, whole tree, whole 
tree+forest floor) in combination with three soil compaction levels (none, intermediate, 
severe) with each 0.4-ha plot split for herbicide.   
At 15-years post-treatment both total nitrogen (TN) and total phosphorus (TP) 
were significantly lower in the most intensely harvested plots in the upper 10-cm of the 
soil profile.  Soil microbial biomass-N and –C (SMB-N and –C) were also negatively 
impacted by increasing harvest intensity.  Although soil organic carbon (SOC) was 
generally lowest in the most intensely harvested plots, the impact was not significant.  
Over the one year sample period TN, SOC, SMB-N and –C varied significantly with 
time.  Post-harvest re-accumulation of both C and N was evident over the time period 
from 5- to 15-years.  Over the course of this study there was no evidence of a 
compaction, compaction by harvest interaction effect or any treatment effect beyond the 
10-cm depth. 
Consistently lower soil TN under the most intense harvest treatment (61-83 g N 
m-2) compared to the bole only harvest (74-99 g N m-2) was likely a legacy effect of the 
harvest 15-years ago rather than contemporary losses.  Two lines of evidence support 
this contention.  First, examination of archived soils showed that N is accumulating at 
about the same rate (3-4 g N m-2 yr-1) in the upper 10-cm of soil under all harvest 
treatments, and second, in the most intensely harvested treatments TN remains more 
enriched (1.41-2.72‰) compared to the bole only harvest (1.21-1.96‰) despite similar 
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accumulation rates.  Nitrogen is considered a limiting nutrient, and as such is generally 
conservatively cycled within ecosystems, so that losses are minimal in an undisturbed 
system.  However, a disturbance such as harvest, removes potential sources of nutrients 
in the biomass that is depleted of 15N compared to the soil.  In addition, decreased plant 
uptake paired with soil conditions that enhance microbial processes and N-
transformation rates following harvest may lead to further soil 15N enrichment due to N 
losses.   
Total P was quantified at one point in time during this study and was 
significantly lower under the whole tree+forest floor removal treatment (≈8 g P m-2) 
compared to the bole only harvest (9 g P m-2).  Several fractions of P exist in the soil, 
and vary in their availability for plant uptake and degree to which they are prone to 
leaching losses.  It is unknown which fraction was lost from the soil at the Groveton 
LTSP site, but like N, P is a limiting nutrient that is tightly cycled in forested 
ecosystems, and losses due to leaching are likely low after vegetation establishes.  This 
result suggests, once again, that the observed pattern of lower TP in the most intensely 
harvested treatments was due to a legacy effect of harvest activity 15-years ago rather 
than on-going losses. 
Fifteen years following treatment, SMB-N and -C were lower in the whole 
tree+forest floor treatment (21-29 µg N g-1 and 165-210 µg C g-1, respectively) versus 
the bole only harvest (25-37 µg N g-1 and 199-267 µg C g-1, respectively).  These results 
are noteworthy simply because 15-years have elapsed since disturbance; however, it is 
not unexpected in light of nutrient levels seen in these treatments.  When substrates are 
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diminished, as seen in the more intensely harvested treatments, there is the probability 
that SMB will likewise be lower, and vice versa.  Because SMB is central to nutrient 
cycling in forested ecosystems, the reduction of SMB may well have a negative impact 
on productivity.  
In contrast, SOC was not significantly impacted by forest harvest intensity 15-
years post-treatment.  However, SOC tended to be highest in the bole only harvest 
(2054-2232 g C m-2) versus the whole tree+forest floor removal treatment (1631-1949 g 
C m-2).  Interestingly, at 15-years, differences between the two end-member harvests 
were more pronounced than at 5-years post-harvest, which is likely due to a higher C-
accumulation rate in the bole only harvest (103 g C m-2 yr-1) versus the whole tree+forest 
floor removal (86 g C m-2 yr-1).  Lower accumulation rates in the whole tree+forest floor 
removal treatments may be attributed to lower N and P as well as lower soil microbial 
biomass which may be affecting productivity in these plots.   
Quarterly sampling at 15-years showed that TN, SOC, SMB-N and –C varied 
with time, but the relationship of bole only > whole tree > whole tree+forest floor 
removal was generally maintained throughout.  Due to the size of the TN and SOC pools 
the magnitude of fluctuation over the year was unexpected and was negatively related to 
temperature and positively to precipitation.  These results were not unexpected in that 
higher temperatures generally result in accelerated decomposition and losses.  However, 
precipitation was associated with cooler temperatures that may have led to slowed 
decomposition as evidenced by smaller SMB pools and subsequent increases of SOC 
and TN.   
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Collectively, these results suggest that bole only harvest is more conducive to 
soil nutrient storage and cycling.  The soils in this forest ecosystem are currently acting 
as a sink for C as seen in the soil accumulation, but the duration of this sink is unknown.  
Due to the fluctuations that occurred over the course of one year of sampling, a one point 
in time sample may be inadequate to tease out soil processes with any degree of 
certainty.  Results of this study will contribute fundamental knowledge regarding the 
impacts of forest management on biogeochemical cycles and may be of use to 
stakeholders such as state, federal, and private forestland owners who wish to manage 
forests in a sustainable manner.  In addition, knowledge from this study may be helpful 
to those modeling regional biogeochemical cycles influencing an ecosystem’s ability to 
serve as a carbon sink.  
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